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ABSTRACT 
A COMPREHENSIVE PHYLOGENETIC STUDY OF THE CORE GENOME OF 
THIRTEEN BACILLUS AND RELATED SPECIES USING KNOWN AND  
NOVEL TECHNIQUES 
Jennifer Diane Hintzsche, Ph.D.  
Department of Biological Sciences 
Northern Illinois University, 2014 
Mitrick A. Johns, Director 
A comprehensive study into the phylogeny of the Bacillus core genome was 
accomplished using two primary studies. The first study involved two previously studied 
methods, MUMmer and BSR, and one novel approach, RINC, to compare core genome 
phylogeny.  BSR analysis revealed genomic rearrangements among the genomes of interest.  
MUMmer was used to confirm these genomic rearrangements and provide evidence that 
76.2% of the inverted regions were statistically significant.  Circular chromosome 
comparisons connecting homologous core genes revealed an ancestral inversion pivoted on 
the terminus in several species.  The inversions were resolved, allowing for the identification 
of the location of the core genome before the inversion event.  These analyses led to 
development of a novel approach to core genome phylogeny, RINC.  Based on the tree 
produced, as well as agreement of groups of nodes with previous studies, the RINC approach 
was successful at comparing the core genome of Bacillus.  RINC offers a simplistic yet 
powerful tool for core genome phylogeny.  
In the second study, core genomes of Bacillus and Eudicot were determined 
individually from whole genome sequences of members of each genus, along with closely 
related species using BSRs.  The Eudicot core genome was used as a control for evidence 
that results observed in the Bacillus core genomes were not due to horizontal gene transfer.  
Each core genome was analyzed with MrBayes and BUCKy to test the robustness of both 
approaches using sequences from different domains of life.  Three multiple sequence 
alignments, ClustalW2, MUSCLE, and T-COFFEE, were used as inputs for MrBayes.  Over 
75% of all genes studied had a resolved gene tree topology after one of ten million 
generations of MrBayes, regardless of MSA.  BUCKy calculated concordance trees for both 
core genomes.  BUCKy tree topology was not affected by the MSAs.  In both core genomes, 
high concordance factors were found on interior nodes, defining the relationship between 
groups of species.  Outer nodes between outgroups had lower concordance factors, leading to 
the conclusion that genomes of more species would need to be included in order to resolve 
the phylogeny from more distant relatives. 
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Background of the Bacillus Genus 
The bacterial genus Bacillus has a history almost as long as bacteriology itself.  
Ehrenberg in 1835 described what is today known as Bacillus subtilis, and in 1864 coined the 
WHUP³%DFWHULGLXP´ZKLOHREVHUYLQJBacillus anthracis (Slepecky & Hemphill, 2006).  In
1872, Cohn proposed the genus Bacillus, which today is classified as part of the Bacillaceae 
family, distinguished by its memberV¶ ability to produce endospores (Slepecky & Hemphill,
2006).  Chon first identified spores in Bacillus subtilis, demonstrating their heat resistance 
(Slepecky & Hemphill, 2006).  Later, Koch expanded the knowledge of spores by describing 
the developmental cycle from vegetative cell to spore and back to vegetative cell in Bacillus 
anthracis (Keynan & Sandler, 1983). Fisher first named the Bacillaceae family in 1895, and 
since 1913 every species that forms an endospore has been placed into this family (Gordon, 
1981).  Today, Bacillus as a genus is distinguished from the rest of the Bacillaceae family by 
its rod-shape, catalase production, and aerobic or facultatively anaerobic properties (Slepecky 
& Hemphill, 2006).  The ability to form spores, as well as the pathogenicity of some members 
of the genus, has kept this genus in the spotlight of academia and industry for over 150 years. 
Rod-shaped, gram-positive, endospore producing, aerobic or facultative anaerobic 
bacteria are defined as Bacillus species (Alcaraz et al., 2010).  Currently, Bacillus species lie 
within the Firmicutes phylum as part of the Bacillaceae Family and are known for their highly 
2 
variable GC content ranging from 33% to 78% (Schmidt, Scott, & Dyer, 2011).  Bacillus 
species are capable of growing in a large variety of environments, including:  hydrothermal 
vents, tidal flats, soil, alkaline environments, shallow marine water, oligotrophic 
environments, and even mammalian gastrointestinal flora (Alcaraz et al., 2010; Schmidt et al., 
2011).  However, due to their production of endospores, Bacillus species can be found in 
HQYLURQPHQWVZKHUHJURZWKRIWKHVSHFLHVZRXOGQ¶WEHSHUPLWWHGDQGWKXVKDYHEHHQIRXQG
all over the world (Alcaraz et al., 2010).  This widespread variety of environments is 
indicative of the variety of known Bacillus species.  
Phylogeny of the Bacillus Genus 
There has been much debate, even in the last few years, over the classification of 
Bacillus.  The goal of this comprehensive study is to use both known and novel techniques in 
order to further understand the relationship between thirteen Bacillus and related species.  In 
order to begin this study it is fist necessary to understand the history of the taxonomy of the 
Bacillus genus.  
%DVHGRQPRUSKRORJLFDODQGSK\VLRORJLFDOWHVWVWKHILUVWHGLWLRQRI%HUJH\¶VManual of
Systematic Bacteriology placed 32 species into Bacillus (Meyer, 1987).  With the addition of 
16S rRNA sequence technology, in 2001 the second edition of Bergey's Manual placed eleven 
subclusters with over 200 species into the genus Bacillus (2005).  The 16S rRNA evidence 
also allowed several closely related species to be separated from Bacillus and define their own 
genera, including Anoxybacillus, Geobacillus, Oceanobacillus, and Paenibacillus.   
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Alcaraz et al. (2010) calculated the Maximum-Likelihood phylogeny using the 
sequences of the 16S genes of several members of Bacillus that can be seen in Figure 1.  
Figure 1 demonstrates the clustering of several groups of species within Bacillus.  The first 
cluster of species is the B. cereus group that includes its namesake, Bacillus anthracis, 
Bacillus thuringiensis, and Bacillus weihenstephanensis.  The second cluster of species is the 
B. subtilis group that includes its namesake, Bacillus pumilus, and Bacillus licheniformis.  
While clusters within these groups have high support values, the higher-level nodes have low 
support values.  For example, the node separating the B. cereus group, the B. subtilis group, 
and Geobacillus kaustophilus only has a support value of 25.  This exemplifies the core 
problem that occurs when determining the phylogeny of Bacillus; several species can be 
grouped as closely related, while the relationship between these groups is only weakly 
supported.   
Unlike Figure 1, Figure 2 represents the 16S rRNA phylogeny of all species used in this 
study.  The distance in Figure 2 was generated from the number of substitutions in the 16S 
rRNA sequences of the species.  In Figure 2, the B. cereus group also contains the same 
members as Figure 1, and is also clustered closely with Bacillus cytotoxis.  The B. subtilis 
group is also clustered together as it was in Figure 1.  Anoxybacillus flavithermus and both 
Geobacillus species are clustered together in Figure 2.  Unlike Figure 1, in Figure 2 Bacillus 
and Bacillus clausii are clustered together.  However, like Figure 1, these species are most 
closely related to Oceanobacillus iheyensis.  Listeria monocytogenes was used as an outgroup 
in both Figure 1 and Figure 2; however, in Figure 2, Paenibacillus is the most distant relative 
of these species.    
4 
Figure 1: 16S rRNA Maximum-likelihood tree from Alcaraz et al., 2010.  Species 
highlighted in red are pathogenic. Species highlighted in blue are aquatic. Species highlighted 
in purple are deep ocean isolates.  Species highlighted in brown are isolated from soil.  
Species highlighted in green are halophiles, and species highlighted in black are outgroups.
5 
Figure 2: Tree representing the phylogeny of all 16S rRNA genes from the species used in 
this study.  The distance of the branches represents the number of substitutions in the 16S 




While the addition of 16S rRNA technology did lead to genomic evidence of 
evolutionary relationships among Bacillus, studies using this evidence still have discrepancies 
about the relatedness of species within the genus (Achouak et al., 1999; Goto et al., 2000; 
Kolsto et al., 2009; Wang and Sun, 2009; Xu and Cote, 2003).  These studies also 
demonstrate that depending on the species and methodology used, 16S rRNA phylogenetic 
differences remain.   
While 16S rRNA sequences have become a benchmark of bacterial phylogenetic 
studies, their use is quickly being overshadowed by the density of information available in 
ZKROHJHQRPHVHTXHQFHV,Q&DUO:RHVHDUJXHG³U51$VDUHDWSUHVHQWWKHPRVW
useful and most used of the molecular chURQRPHWHUV´:RHVH7KHIDFWWKDW6U51$ 
is present in every organism, and that different sequence positions change at different rates, 
allows even distant organisms to be compared (Woese, 1987).  However, only analyzing one 
gene versus an entire genome is a large disadvantage to this approach.  With the technology 
available now both computationally and in the area of DNA sequencing, there are several 
RSSRUWXQLWLHVWRH[SDQGRQ:RHVH¶VRULJLQDODUJXPHQWV 
 Several studies have cautioned against the usage of 16S rRNA for understanding 
phylogenetic relationships (Alcaraz et al., 2010; Gao & Gupta, 2011; Schmidt et al., 2011).  
Alcaraz et al. state that 16S rRNA comparisons rely on one core gene without considering the 
wide variety of genetic diversity present in Bacillus.  Gao and Gupta (2011) contend that 16S 
rRNA trees overall tend to not resolve higher taxonomic clades, making them difficult for use 
in determining how different groups evolved from a common ancestor.  This lack of 
resolution in higher taxonomic clades was also problematic in this study.  In addition,  
7 
Schmidt et al. (2011) note that even though the ribosomal database project currently includes 
13,359 Bacillaceae ribosomal RNA sequences, those sequences do not help us understand the 
phylogeny of the genus.  Several authors have argued that the 16S rRNA technology would be 
better suited for identification of unknown bacteria than for its role in defining the 
phylogenetic relationship between species ( Gao & Gupta, 2011; Schmidt et al., 2011). In 
contrast, whole genome sequences of bacteria offer better insight into phylogeny than 
genotypes, phenotypes, or 16S rRNA (Gao & Gupta, 2011). 
In the wake of DNA sequencing technology, the basic phylogenetic problem lies within the 
definition of a species.  Gao and Gupta (2011), in agreement with this study, claim that 
species definition is the most debated issue in current microbial systematics.  In 1987 greater 
than seventy percent DNA-DNA hybridization along with one shared phylogenetic trait was 
enough to consider two bacteria of the same species (Gao & Gupta, 2011).  These 
classifications have held true in rare cases, but overall tend to be inaccurate (Gao & Gupta, 
2011).  Some argue that the current definition of species is too broad and masks species 
diversity (Gao & Gupta, 2011).  On the other hand, Schmidt et al. (2011) argue that sequence 
similarity should be considered above environment and phenotypic similarities.  This is a 
demonstration of the strong divide occurring between inclusive and exclusive studies, with 
respect to defining a species.  Since species are located at the end of the phylogenetic tree 
branches, the agreement upon criteria for defining higher taxonomic ranks within bacteria is 
also in need of definition (Gao & Gupta, 2011).  The sequencing of whole genomes allows for 
potential clarification of the current issues within bacterial taxonomy (Gao & Gupta, 2011).  It 
is crucial to the field of phylogeny to implement methodology that simultaneously highlights 
8 
unique genomic aspects of each species, while also considering the shared evolutionary 
history of related species.  Therefore, it is vital to explore diverse phylogenetic approaches 
that can shed light on this unknown area of bacterial phylogeny.  
As sequencing technology continues to decrease in price, the amount of available 
whole genome sequences has increased.  With the large amount of genomic data now 
available for phylogenetic studies, single gene phylogenies, such as 16S ribosomal RNA, are 
no longer as reputable as they once were (Alcaraz et al., 2010; Gao & Gupta, 2011; Schmidt 
et al., 2011).  As the field of bacterial genomics and phylogeny moves away from the usage of 
16S rRNA as a standard for phylogenetic studies, and towards the use of whole genome 
sequences, a new standard methodology has yet to be defined.  Several theories and 
approaches that show potential for dealing with large amounts of data contained in whole 
genome sequences have been proposed.  Using whole genome sequences, in this study I will 
analyze selected emerging theories, as well as incorporate novel approaches, to determine the 
phylogeny of thirteen Bacillus species and six closely related species.  
The sequencing of whole genomes allows for potential clarification of the current 
issues within bacterial taxonomy (Gao & Gupta, 2011).  Alcaraz et al. concatenated a core 
genome of 814 genes to determine phylogeny of the Bacillaceae Family (2010).  Schmidt et 
al. used 157 single copies and sigma factors to argue six previously defined species in the 
Bacillaceae Family should actually be considered one species (2011).  Both studies addressed 
the taxonomy of the Bacillaceae Family in different ways; however, they both utilize the 
depth of information available in whole genome sequences. These studies demonstrate that 
whole genome comparisons hold the key to constructing the evolutionary history of Bacillus, 
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but that a common methodology is still absent.  Studies agree that comparative genomics is 
the best approach for this between closely related species, yet few studies have investigated 
the genome plasticity and chromosome evolution (Deboy et al., 2010).  
Phylogenetic studies of bacteria using whole genome sequences are complex for a 
variety of reasons.  First, the circular shape of bacterial chromosomes offers unique 
rearrangement capabilities.  Second, due to their replication strategy, certain areas of the 
chromosome such as the origin and terminus of replication are more conserved than other 
areas of the genome.  Any major disturbance to these critical areas of the genome would be 
detrimental and therefore selected against.  Areas in between the origin and terminus of 
replication are not under the same selective pressure.  These intrachromosomal regions are 
capable of undergoing chromosomal rearrangements including inversions, duplications, and 
deletions.  These areas are also much more susceptible to horizontal gene transfer than other 
areas of the genome.  Therefore, phylogenetic methods utilizing whole genome sequences 
must consider genome locality with respect to the degree of conservation.  
 In the field of microbial phylogeny, core genomes are increasingly being used as 
markers of phylogeny (Steel et al., 2013).  Core genomes represent the genes that every 
species of interest contains.  One problem with this approach is that the core genome varies 
depending on the number and composition of species included in the study.  Given the 







10 Significance of Species Studied 
The diversity of Bacillus has been proven instrumental for a variety of reasons, 
including its presence in the environment, pathogenicity, and industry. The species chosen for 
this study, listed in Table 1, include species present in the environment and industry, as well 
as the pathogenic members of Bacillus.  
Bacillus clausii KSM-K16 was isolated from soil in 1995 (Kobayashi et al., 1995).  
Other strains of Bacillus clausii have been isolated from water (Kobayashi et al., 1995). B. 
clausii KSM-K16 is a gram-positive, spore-forming bacteria that produces positives tests for 
catalase, oxidase, gelatinase, amylase, and nitrate reduction.  B. clausii is thought to be 
beneficial to the human gastrointestinal system and for this reason it has been used in 
probiotics (Urdaci, Bressollier, & Pinchuck, 2004).  B. clausii produces alkaline proteases, 
allowing it to tolerate high pH levels (Kobayashi  et al., 1995).  B. clausii alkaline proteaseV¶
ability to function in broad temperature ranges has made it a suitable additive in industrial 
detergents (Joo, Kumar, Park, Paik, & Chang, 2003).  
Bacillus megaterium QM B1551 and DSM 319 were isolated from soil (Eppinger et 
al., 2011).  In 1884 De Bary named B. megaterium ³ELJEHDVW´GXHWRLWVODUJHVL]HUHODWLYHWR
Escherichia coli (Eppinger et al., 2011; Vary et al., 2007).  For over 50 years B. megaterium 
has been used in industry due to the unique enzymes it produces, including exoenzymes (Vary 
et al., 2007).  B. megaterium has also been manipulated within industry to make sporulation 
and protease-deficient strains, as well as UV-sensitive mutants (Vary et al., 2007).   
Bacillus halodurans C-125 was isolated from soil and sequenced in 2000 (Takami et 
al.).  While enzymatic tests indicate that B. halodurans is similar to B. subtilis, there are a few
11 
Table 1 
Species Used in the Current Study 
Name of Species Abbreviation 
Anoxybacillus flavithermus WK1 Aflavit 
Bacillus amyloliquifaciens FZB42 Bamylol 
Bacillus anthracis Ames Ancestor Banthra 
Bacillus cereus ATCC 10987 Bcereus 
Bacillus clausii KSM-K16 Bclausi 
Bacillus cytotoxis NVH 391-98 Bcytoto 
Bacillus halodurans C-125 Bhalodu 
Bacillus licheniformis ATCC 14580 Blichen 
Bacillus megaterium DSM 319 QMD 
Bacillus megaterium QM B1551 QMB 
Bacillus pumilus SAFR-032 Bpumilu 
Bacillus subtilis 168 Bsubtil 
Bacillus thuringiensis Al Hakam Bthurin 
Bacillus weihenstephanensis KBAB4 Bweihen 
Geobacillus kaustophilus HTA426 Gkausto 
Geobacillus thermodenitrificans NG80-2 Gthermo 
Listeria monocytogenes EGD-e Lmono 
Oceanobacillus iheyensis HTE831 Oiheyen 
Paenibacillus sp. JDR-2 PSP 
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differences.  B. halodurans is alkaliphilic and thus grows well in basic environments above 
pH values of 9.5 (Takami et al., 2000).  Polyglutamic and polyglucuronic acids in the 
peptidoglycan teichuronic peptides counteract halophilic environments (Takami et al., 2000).  
Enzymes produced from B. halodurans have been useful in industry including protease, 
cellulose, and amylase, which are used as additives in laundry detergents (Takami et al., 
2000).   
Given the name Vibrio subtilis in 1835, Bacillus subtilis was renamed in 1872 and was 
one of the first bacteria studied (Srivatsan et al., 2008).  B. subtilis is commonly found in soil 
and is one of the most well characterized bacterial species.  The asymmetrical division and 
sporulation of B. subtilis is well known and involves hundreds of genes (Srivatsan et al., 
2008).  The ability of B. subtilis to produce large quantities of extracellular enzymes, as well 
as being regarded as generally safe by the FDA, makes this species an ideal industrial species 
(Schallmey, Singh & Ward, 2004).  The history and potential of this species in industry is 
incalculable because of its ability to produce exoenzymes, become dormant, and because of 
its well-understood genomic sequence.    
Bacillus amyloliquefaciens is a soil bacterium known for its ability to promote plant 
growth while suppressing plant pathogens (Chen et al., 2007).  Bacillomycin D, surfactin, and 
bacillaene are antifungal and antibacterial products produced from B. amyloliquefaciens that 
protect plants from pathogens (Chen et al., 2007).  Phosphorous is also made more available 
to plants with a symbiotic relationship with B. amyloliquefaciens due to its ability to degrade  
phytate (Chen et al., 2007).  B. amyloliquefaciens produces alkaline proteases used in 
detergents as well as amylases utilized in the beverage industry (Schmallmey et al., 2004).   
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Bacillus licheniformis ATCC 14580, isolated from soil, is an important industrial 
species of bacteria (Rey et al., 2004).  This gram-positive, spore-forming bacterium shares 
many similarities with other Bacillus species.  However, the enzyme tannase has been isolated 
from B. licheniformis, which produces gallic acid and glucose from tannic acid (Mondal, 
Banerjee, & Pati, 2000).  Chemical, pharmaceutical, food, and beverage industries have 
utilized this enzyme extensively as well as its product, gallic acid (Mondal et al., 2000).  
Alkaline amylase from B. licheniformis has been utilized in industrial detergents (Schmallmey 
HWDO7KHVWDUFKLQGXVWU\KDVXVHGĮ-amylase isolated from B. licheniformis
(Schmallmey et al., 2004).  Amylase from this species is also used commonly in the beverage 
industry (Schmallmey et al., 2004).  Penicillinases, antibiotic bacitracin, and other organic 
molecules from B. licheniformis have also been used extensively in industry (Rey et al., 
2004).  B. licheniformis has also been shown be an opportunistic pathogen, occasionally 
causing illness in humans (Rey et al., 2004).  
Gioia et al. isolated Bacillus pumilus SAFR-032 from soil and sequenced its entire 
genome (2007).  B. pumilus naturally grows in the root zone of some plants, inhibiting fungal 
diseases (Gioia et al., 2007).  D-ribose produced by B. pumilus is used in the pharmaceutical 
and cosmetic industry, and as a flavor enhancer in the food industry (Schmallmey et al., 
2004).  B. pumilus is not considered pathogenic to humans, but has demonstrated increased 
tolerance to gamma irradiation (Gioia et al., 2007).  The ability of B. pumilus to produce 
cellulose has recently been explored, as it produces soluble sugars and solvents that are 
possible for further industrial uses (Gioia et al., 2007).  
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The genome of Bacillus thuringiensis Al Hakam, isolated from soil, was sequenced by 
Challacombe et al. (2007).  B. thuringiensis is known in industry for producing an insecticidal 
toxin.  While in its natural soil habitat, B. thuringiensis is harmless to insects.  However, once 
ingested by an insect, B. thuringiensis demonstrates its ability to become an opportunistic 
pathogen, killing the insect (Challacombe et al., 2007).  During sporulation, the delta-
endotoxin produced causes midgut paralysis in its host (Challacombe et al., 2007).  Plants 
have been genetically engineered to produce the same toxin, allowing the plant to provide its 
own defense mechanism against insects (Challacombe et al., 2007).  Currently 26 products 
registered by the United States Environmental Protection Agency utilize B. thuringiensis 
endotoxins for its insecticide and biopesticide qualities (Schallmey et al., 2004).     
Bacillus anthracis Ames Ancestor was sequenced in 2009 by Ravel et al.  B. anthracis 
has a history of pathogenicity, starting first with the work of Dr. Robert Koch, which led to 
.RFK¶VSRVWXODWHV5DYHOHWDOB. anthracis was also utilized to create the first 
attenuated strain vaccine (Ravel et al., 2009).  B. anthracis inhabits soil and when endospores 
are ingested by herbivores, the disease anthrax occurs.  Anthrax can also be obtained from 
inhalation of spores, or by infecting the skin, causing a cutaneous infection.  Two plasmids, 
pXO1 and pXO2, are responsible for the pathogenicity of B. anthrax compared to its relative 
Bacillus cereus (Ravel et al., 2009). 
Sequencing of the Bacillus cereus ATCC 10987 genome revealed it also contains a 
plasmid similar to the pXO1 plasmid in its relative B. anthracis (Rasko et al., 2004).  B. 
cereus is also naturally found in soil and is an opportunistic pathogen.  B. cereus causes two 
forms of food poisoning in humans, emetic and diarrheal (Rasko et al., 2004).   
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Dodecadepsipeptide cerulide is responsible for the emetic disease, whereas a heat-labile 
enterotoxin causes the diarrheal disease (Rasko et al., 2004).  The food industry has utilized B. 
FHUHXV¶V product 2-acetyl-1-pyrroline as a flavor enhancer (Schallmey et al., 2004).
Bacillus weihenstephanensis KBAB4 is also a member of the B. cereus group, 
although it is distinguished by its psychrotolerant capabilities, having the ability to grow at 
temperatures as low as 7°C (Lapidus et al., 2008).   Of the known strains of B. 
weihenstephanensis, 76% of them have shown to be non-pathogenic in humans (Stenfors, 
Mayr, Scherer, & Granum, 2002).  The remaining strains have varying level of cytotoxicity; 
some have been shown to be as cytotoxic as B. cereus (Stenfors et al., 2002).  B. 
weihenstephanensis also carries four plasmids, one of which encodes the gene for a Nhe-like 
toxin, thought to be the root of the pathogenicity of some members of this species (Lapidus et 
al., 2008).  The strain used in this study, B. weihenstephanensis KBAB4, is not a human 
pathogen. B. weihenstephanensis KBAB4 was isolated from a forest in France and sequenced 
in 2008 (Lapidus et al., 2008).  
Bacillus cytotoxicus NVH 391-98 is also a member of the B. cereus group of soil- 
dwelling, endospore-forming, and opportunistic pathogens.  This particular strain was isolated 
in France after a severe food poisoning outbreak, and was then sequenced (Lapidus et al., 
2008).  This strain of B. cytotoxicus is distinguished by its ability to grow at temperatures at 
7°C as well as temperatures higher than 48°C (Auger et al., 2008).  With the ability to grow at 
temperatures as high as 48°C, B. cytotoxicus demonstrates unique characteristics within the B. 
cereus group of species (Auger et al., 2008).  B. cytotoxicus¶ pathogenicity is thought to arise
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from its ability to synthesize the diarrheic cytotoxin K efficiently and at high levels (Auger et 
al., 2008).  
Anoxybacillus flavithermus WK1 is the newest member of the Bacillaceae family from 
this study, having been identified as its own genus in 2000 (Goh et al., 2013).  While still 
being gram-positive and rod-shaped, this genus of bacteria is alkali-tolerant thermophiles 
(Goh et al., 2013).  Initially isolated from a hot spring in New Zealand, A. flavithermus, 
previously known as B. flavothermus, was shown to grow at temperatures from 30°C-70°C 
and was sequenced in 2002 (Saw et al., 2008).  A. flavithermus has also been shown to grow 
in environments with a pH of up to 9.0 (Saw et al., 2008).  Cellulase and xylanase have 
recently become industrial target products of A. flavithermus due to their stability at high 
temperatures (Chis et al., 2013).   
Geobacillus kaustophilus HTA426 was isolated from deep-sea sediment within the 
Mariana Trench (Takami et al., 2004).  Geobacillus species are aerobic or facultatively 
anaerobic, motile, spore-forming, obligatory thermophiles.  Geobacillus species were 
previously classified within Bacillus; however, rDNA analysis revealed enough unique 
properties to warrant their own genus (Takami et al., 2004). The sequencing of G. 
kaustophilus revealed that 37% of its genes were found in other Bacillus species, while 24% 
of genes were unique to this genome (Takami et al., 2004).  Protamine, spermine synthase, 
and tRNA methyltransferase were among the genes unique to G. kaustophilus thought to play 
a role in its thermophilic capabilities by stabilizing DNA at higher temperatures (Takami et 
al., 2004).  These and other unique enzymes are biotechnology targets due to their high 
temperature functionality (Takami et al., 2004).    
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Another member of the Geobacillus genus, G. thermodenitrificans NG80-2, was used 
in this study.  G. thermodenitrificans was isolated from a deep oil reservoir in Northern China 
(Feng et al., 2007).  Like G. kaustophilus, G. thermodenitrificans is gram-positive, spore- 
forming, motile, and capable of growing in aerobic or facultatively anaerobic conditions. 
Unlike most gram-positive bacteria, however, G. thermodenitrificans has a nitrous oxide 
reductase gene, allowing the organism to reduce nitrous oxide to dinitrogen as the final step in 
bacterial denitrification (Feng et al., 2007).  G. thermodenitrificans also contains the long-
chain alkane monooxygenase, LadA, gene (Feng et al., 2007).  A possible treatment for 
environmental oil spills and biosynthesis of complex molecules revolves around LadA from 
G. thermodenitrificans (Feng et al., 2007). 
Three species were used in this study as outgroups: Oceanobacillus iheyensis 
HTE831, Paenibacillus sp. JDR-2, and Listeria monocytogenes EGD-e.  O. iheyensis is the 
closest relative of Bacillus compared to the other outgroups.  O. iheyensis was isolated from 
deep-sea sediment at the Iheya Ridge and sequenced (Takami, Takaki, & Uchiyama, 2002).  
Hydrogen, sodium, and potassium transporters are believed to be the reason this organism is 
extremely tolerant of high salt and highly alkaline environments (Takami et al., 2002).  
Takami et al. identified 350 genes making up the backbone of Bacillus species, all of which 
are also possessed by O. iheyensis (2002).  
A more distant Bacillus outgroup than O. iheyensis is Paenibacillus sp. JDR-2 was 
sequenced by Chow et al. (2012).  Paenibacillus species have demonstrated they are unique in 
comparison to Bacillus species; however, isolates currently remain unnamed and have not 
been completely characterized using traditional methods (Chow et al., 2012).  Paenibacillus  
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species share several common characteristics of Bacillus including being facultatively 
anaerobic, endospore forming, and gram positive.  However, as the prefix meaning indicates, 
they have many differences, making them ´almost´ Bacillus (Chow et al., 2009).  They have 
been of interest in the farming industry for their plant-growth-promoting rhizobacteria 
capabilities (Bloemberg & Lugtenbergy, 2001).   
The furthest ancestor of Bacillus used in this study was Listeria monocytogenes EGD-
e, known for its food-borne pathogenicity causing listeriosis (Toledo-Arana et al., 2009).  
Sequenced in 2009, L. monocytogenes is known for being the leading cause of death from 
food-borne pathogens in immunocompromised people (Toledo-Arana et al., 2009).  L. 
monocytogenes infections can cause meningitis, gastroenteritis, and septicemia (Toledo-Arana 
et al., 2009).  L. monocytogenes is enteroinvasive via the protein ActA, promoting 
intercellular spread utilizing the cytoskeleton (Toledo-Arana et al., 2009).   
 
 
Outline of Study 
 
 
 Two different approaches to core genome phylogeny were used in this study.  The first 
approach, detailed in Chapters 2 through 5, utilizes two previously identified methods: 
BLAST score ratios (BSR) (Rasko, Myers, & Ravel, 2005b) and Maximal Unique Matching 
subsequences (MUMmer) (Delcher, Phillippy, Carlton, & Salzberg, 2002).  These approaches 
identified and calculated the statistical significance of inversions present between members of 
Bacillus.  In addition, these approaches also utilize a novel approach to core genome 
phylogeny, the Resolved Inversion of Neighboring Core genes (RINC) described in Chapter 
5.  The RINC approach used the neighbors of the core genome of Bacillus to trace the  
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phylogenetic history of inversions among the genus.  In the second approach, detailed in 
Chapters 6 and 7, three different multiple sequence alignments (MSAs) of the core genes were 
analyzed with MrBayes (Ronquist & Huelsenbeck, 2003) and Bayesian Untangling of 
Concordance Knots (BUCKy) (Ané et al., 2007).  This was to determine which core genes 
shared the same evolutionary history.   
In the first approach, two known comparative genomic methods, MUMmer (Delcher, 
Phillippy, Carlton, & Salzberg, 2002) and BSR (Rasko, Myers, & Ravel, 2005b) were used.  
Both methods were developed for comparing whole genome sequences.  These approaches 
are alike in aligning similar regions between two genomes and have the ability to detect 
FKURPRVRPDOLQYHUVLRQVEHWZHHQVSHFLHVYLDDGLVWLQFW³;-SDWWHUQ´LQWKHFRPSDUDWLYH
alignment dot plots.  Chromosomal inversions are common between closely related genomes 
and can be used to distinguish between closely related bacterial species (Hughes, 2000). 
Large, usually symmetrical, chromosomal inversions pivoted on the origin and/or terminus 
have been identified in several studies (Deboy & Mongodin, 2010; Hendrickson, & Lawrence, 
2006; Delcher et al., 2002; Eisen, Heidelberg, White, & Salzberg, 2000; Hughes, 2000;).  
These inversions can be maintained over a long period of time, including during speciation, 
WKXVPDLQWDLQLQJWKH³;-SDWWHUQ´RULQYHUVLRQVEHWZHHQJHQRPHV(LVHQHWDO
Selective pressure is thought to decrease with distance from the replication terminus 
(Hendrickson & Lawrence, 2006).  Therefore, maintenance of these inversions is thought to 
be due to their distance from the origin or terminus of replication (Eisen et al., 2000; 




Delcher et al. proposed two causes of these inversions (2002).  The first explanation 
for the X-alignment would be an ancestral inverted duplication of the entire genome.  
However, the inversion break points in all species are not identical.  Gene loss after large 
inversions is thought to stabilize the inversion and would explain the non-symmetrical break 
points (Delcher et al., 2002).  The second possible explanation for the X-alignments would be 
one large chromosomal inversion pivoted around the origin and the terminus of a genome, the 
most conserved region of bacterial chromosomes (Delcher et al., 2002).  Inversions in these 
crucial regions would be naturally selected against.  If several small inversions occurred after 
two genomes shared a common ancestor, it could create the X-pattern.  Depending on the 
evolutionary history of one bacterial species to another, these inversions could have occurred 
at different times, causing non-identical break points in inversions among the species of 
interest.  Delcher et al. showed that evolutionary histories could be determined by the 
branching patterns of inversions in bacterial genomes (2002).  Figure 3 shows examples of 
how these inversions could have arisen from two genomes sharing a common ancestor 
(Delcher, 2002).   
When BSRs were performed on the species of this study, a pattern of inverted core 
genes emerged.  To determine if these patterns were statistically significant, MUMmer was 
implemented.  When BSR and MUMmer analyses were performed on the genomes in this 
study, patterns of conserved inversions demonstrating the ³;-SDWWHUQ´EHWZHHQVSHFLHV
emerged.  It is crucial to comparative genomics to implement methodology that 
simultaneously highlights unique aspects of each genome, such as inversions, while also 
considering the shared evolutionary history of related species.  Therefore, a novel  
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comparative genomic approach to phylogeny was developed to quantitatively account for 
shared evolutionary rearrangements of the core genome between species.  The RINC 
approach is a gene scoring technique designed to accurately depict the evolution of the core 
genome between two species.  A distance matrix was constructed in the RINC approach and 
used to build a neighbor-joining tree. RINC offers a novel methodology to inferring 
phylogeny using whole genome sequences of thirteen Bacillus genomes.  While this technique 
was used on Bacillus and related genomes, the methodology could be applied to species of 
any closely related bacterial whole genome sequences. 
In the second approach, using MUMmer and BUCKy, core genomes were also used to 
compare the evolution of individual genes to determine the phylogeny of Bacillus.  Core 
genomes include all of the genes that are present in each species being studied with a BSR 
over 0.4. In this study I first determined the core genome of Bacillus, and as a control, a 
similar study was performed on Eudicot plant species.  Second, the phylogenetic relationships 
of species within each core genome was found using different MSAs, MrBayes, and BUCKy.  
A common method of determining phylogeny from MSAs is MrBayes version 3.12 
(Ronquist & Huelsenbeck, 2003).  MrBayes estimates the posterior probability using Markov 
Chain Monte Carlo (MCMC) methods.  Consequently, MrBayes determines the phylogenetic 
relationships of the sequences with the highest posterior probabilities after a given number of 
generations.  Two parameters of MrBayes were tested in this study: the usage of different 
MSAs, and the change in tree topology over MrBayes generations.  Three common MSA 
programs were compared: ClustalW2 (Larkin et al., 2007), MUSCLE (Edgar, 2004), and T-
Coffee (Notredame, Higgins, & Heringa, 2000), for the tree topology that was determined 
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Figure 3.   Modified image from Delcher et al., 2002, this figure shows the 
evolutionary history of two genomes A and B, and the rearrangements necessary to generate 
DQ³;-SDWWHUQ´EHWZHHQWZRJHQRPHVZLWKDFRPPRQDQFHVWRU.
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after MrBayes and BUCKy.  The change in tree topology was calculated for the different 
MSAs, over ten million generations of MrBayes using Robinson-Foulds distance (Robinson 
& Foulds, 1981).  The Robinson-Foulds distance is a way to measure the distance between 
two different unrooted trees.  By changing the nodes of one to tree to match another, the 
Robinson-Foulds distance allows us to determine the number of differences between two 
unrooted trees (Robinson & Foulds, 1981).  
Core genome genes were aligned individually and each underwent ten million 
generations of MrBayes.  Each analysis of MrBayes was conducted in two separate runs, each 
using four Markov Chains, a mixed amino acid model, and a 25 percent burn-in rate.   
However, studies have shown that different genes from the same taxa can produce a variety of 
different tree topologies (Ané, 2011). Therefore, BUCKy was used to determine which 
phylogenetic clades were most represented from the MrBayes analysis of the core genes for 
each core genome.  
Concordance factors measure the number of genes that support a given node within a 
tree.  For example, if 50% of the genes sampled supported a node, the concordance factor for 
that node would be 0.50.  BUCKy was developed as a Bayesian Concordance Approach 
(BCA) to make sense of the variety of gene trees within a given set of taxa (Ané et al., 2007).  
Unlike more widely known phylogenetic methods such as bootstrapping and posterior 
probability, BUCKy utilizes Concordance Factors (CFs) (Ané et al., 2007).  CFs represent the 
proportion of the genome for which a given clade is true (Baum, 2007).  CFs are measured on 
the same scale as bootstrapping and posterior probability; however, the measurements mean 
different things (Ané, 2011).  Bootstrap values, posterior probability, and the standard error of 
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concordance factors are all dependent on sampling error, which reflects the amount of data in 
the analysis.  Therefore, even with a small amount of data, bootstrap and posterior 
probabilities will increase to a value of one as generations approach infinity.  Consequently, 
standard deviations and confidence intervals will approach zero as generations of the identical 
data approach infinity.  However, genomic support values, such as concordance factors, are 
expected to remain stable as more genes are sampled (Ané, 2011).  CF values measure 
genomic support while also providing a statistical value, since all CFs have a posterior 
probability of 1.0 (Ané et al., 2007).  
Bacillus core genome gene trees derived from MrBayes shared no apparent common 
topology.  It was hypothesized that horizontal gene transfer (HGT) was playing a role even in 
core genes from these taxa.  Plant genes, however, are thought to have an almost entirely 
vertical lineage.  Therefore, a study of the Eudicot core genome was implemented in this 
study to act as a control, and ensure that trends observed were not strictly a bacterial 
phenomenon.  In this way, core genomes from two different domains of life could be studied 
to determine the phylogeny of both core genomes from gene tree data.  
While evolutionary studies have been done on single genes, areas of bacterial 
chromosomes, and even on whole genome sequences, the lack of standard methodology still 
exists.  The inability to understand the relationship between the higher taxonomic clades 
within Bacillus has been especially problematic (Gao & Gupta, 2011; Schmidt et al., 2011).  
The combination of phylogenetic methods offers a comprehensive approach to obtain a more 
accurate and conclusive phylogeny of Bacillus.  This investigation can fill in gaps of 
knowledge created between the influx of genomic data and phylogenetic approaches used to 
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analyze this data.  Using a combined approach of known and novel techniques, insight into 
bacterial evolution of whole genomes can be inferred.  In this study I analyze thirteen Bacillus 
species and six related species using their whole genome sequences.  This comparison will 
offer understandings into the direction bacterial phylogenetic studies should take in the future, 
with respect to whole genome sequences.  The data obtained in this study can consequently be 
used to further the knowledge of not only the evolution of Bacillus, but also all bacteria.  
CHAPTER 2 
BSR & CORE GENOME 
Introduction 
To determine the phylogeny of Bacillus, it was first necessary to define what genes 
were present in all species, representing the core genome. Bidirectional Best Hits (BBHs) are 
one way of determining the homologous genes between two species.  When two genes in 
different genomes are the best matches during a BLASTP search they are BBHs. This 
methodology can be expanded to include several species, and thus all orthologs within a 
group of species can be determined.  
The ratio of scores produced from the BBH results can be utilized to calculate the 
BSR.  BSRs are dependent upon the length of the sequences, as well as the number of 
matches found.  The ratio produced by this method provides insight into the quality of BBH.  
For example, a BSR of one would indicate identical amino acid sequences in both genes from 
two different genomes. 
BSRs can also be plotted to determine the location of these genes, relative to each 
genome.  Directly comparing the BSR of two genomes gives visual evidence of genomic 
rearrangements such as inversions, which was the case in this study (Rasko et al., 2005b). By 
implementing both the BBH and BSR methods, the core genome of Bacillus was determined 
as well as identification of inversions that have occurred between these species.
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Bacillus Genomes 
Complete published Bacillus genome sequences were obtained from the National 
Center for Biotechnology Information located at http://www.ncbi.nlm.nih.gov. These 
included: Bacillus megaterium QM B1551 (Eppinger et al., 2011), Bacillus megaterium 
DSM319 (Eppinger et al., 2011), Bacillus halodurans C-125 (Takami et al., 2007), Bacillus 
clausii KSM-K16 (Kageyama et al., 2007), Geobacillus kaustophilus HTA426 (Takami et al., 
2004), Geobacillus thermodenitrificans NG80-2 (Feng et al., 2007), Bacillus subtilis 168 
(Srivastsan et al., 2008), Bacillus amyloliquifaciens FZB42 (Chen et al., 2007), Bacillus 
licheniformis ATCC 14580 (Rey et al., 2004), Bacillus pumilus SAFR-032 (Gioia et al., 
2007), Bacillus thuringiensis Al Hakam (Challacombe et al., 2007), Bacillus anthracis Ames 
Ancestor (Ravel et al., 2009), Bacillus cereus ATCC 10987 (Rasko et al., 2004), Bacillus 
weihenstephanensis KBAB4 (Lapidus et al., 2008), Bacillus cytotoxicus NVH 391-98 
(Lapidus et al., 2008), Oceanobacillus iheyensis HTE831 (Takami, Takaki, & Uchiyama, 
2002), Anoxybacillus flavithermus WK1 (Saw et al., 2008), Listeria monocytogenes EGD-e 
(Toledo-Arana et al., 2009), and Paenibacillus sp. JDR-2 (Chow et al., 2012).
Bidirectional Best Hits 
BBHs utilize protein BLAST to determine orthologous genes between two species.  If 
WZRJHQHVLQGLIIHUHQWVSHFLHVDUHWKHEHVW%/$67KLWVLQHDFKRWKHU¶VJHQRPHWKH\DUH
considered orthologs and, therefore, BBHs.  Implemented in a Perl script, a protein BLAST of 
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one gene against another genome was done, and the top hit was recorded.  A protein BLAST 
RIWKDWWRSKLWZDVGRQHDJDLQVWWKHRULJLQDOJHQH¶VJHQRPH,IWKHRULJLQDOJHQHZDVWKHWRS
hit of this second protein BLAST, these genes are considered BBHs.  Every gene from all 
nineteen species underwent BBH analysis against all other genomes.  Bidirectional BLAST 
best hits, as well as having BSRs above 0.4, defined the Bacillus core genome.   
 
BLAST Score Ratio 
 
 A BSR is the ratio of scores from a protein BLAST of one gene against another 
genome, divided by the score from a protein BLAST of that gene against its own genome.  
Implemented in Perl, BSRs were calculated for every BBH gene, for all species.  A ratio of 
one indicates identical genes in both species.  The genes that had a BSR of 0.4 or greater were 
recorded as proteins that have significant similarity (Rasko et al., 2005b).  BBH genes that 
were present in all species, and that had a BSR of 0.4 or greater, defined the Bacillus core 
genome.  Three hundred and seventy-four genes (information located in Appendix A) were 





 Implemented in a Perl CGI script, this approach graphically displayed the results of 
the BSR analysis. This approach provides a visualization of proteome similarity and genomic  
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synteny (Rasko et al., 2005b). The length of a given genome was plotted along the X-axis and 
the length of the genome of comparison was plotted along the Y-axis.  Genome lengths were 
normalized for graphing.  Proteins are plotted with respect to their genomic locations and are 
color coded according to their BSR score for each direct comparison of two genomes (Rasko 
et al., 2005b). Every gene with a BSR greater than 0.40 was considered homologous and was 
plotted according to its location in both genomes.  Genes with BSRs from 0.40-0.59, 0.60-
0.79, and 0.80-1.00 were color coded for ease of viewing.  All species were compared to all 
other species.  The pairwise BSR plots between all genomes can be found in the supplemental 
materials.  
Results and Discussion 
Core Genome 
Bidirectional BLAST best hits, as well as having BSRs above 0.4, defined the Bacillus 
core genome.  Listed in Appendix A, three hundred and seventy-four genes represent the 
Bacillus core genome.  Eppinger et al. determined that 2,009 protein-coding genes were 
consistent between the two species of Bacillus megaterium QM B 1551 and DSM 319 (2011).  
Two members of the same species should share a large amount of genetic similarities, so a 
number this large would be expected.  As the number of more divergent species is added to a 
study, the genetic similarity and therefore the core genome would be expected to decrease.  
Therefore, the core genome of a much more divergent group of species, such as in this study, 
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would be expected to be substantially less, as they share fewer characteristics.  For these 
reasons, a core genome of 374 genes between the nineteen species used in this study is 
reasonable.  
BSR Plots 
Pairwise comparisons of BSRs were done to detect synteny between all whole-length 
chromosomes.  The plotting of all Bacillus BSRs revealed several genomes had undergone a 
VHULHVRILQYHUVLRQV,QVHYHUDOFDVHVDQ³;-SDWWHUQ´HPHUJHGIURPWKHVHDOLJQPHQWVDV
described in Chapter 1.  Genes located on the y=x or forward diagonal are homologous genes 
in the same location in both genomes.  Genes located on the anti-diagonal represent inverted 
KRPRORJRXVJHQHVFUHDWLQJDQ³;-pattern´ to be discussed in Chapter 3, and the causes of
which were described in Chapter 1.  The genes on the anti-diagonal are referred to as the 
³LQYHUVLRQV´  The large inversion present in A. flavithermus was previously albeit briefly
mentioned (Hughes, 2002).  However, the amount of inverted genes present in other relatives 
of this species has never been documented.  The A. flavithermus genome had the largest 
length of inverted regions in comparisons with all species and is used in throughout this study 
as a representation of the inversions occurring within the genome studied. Figures 4, 5, and 6 





Figure 4: Comparison of BSR between Bacillus megaterium QM B1551 and Bacillus 
megaterium DSM 319.
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Figure 5: Comparison of BSR between Anoxybacillus flavithermus WK1 and Geobacillus 
kaustophilus HTA426. 
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The pairwise BSR plots between all genomes can be found in the suplamental materials.  
Figure 4, between Bacillus megaterium QM B1551 and Bacillus megaterium DSM 319, shows 
almost complete synteny along the forward diagonal, as expected for two members of the 
same species.  There is almost no divergence in syntenic genes in the first and last million 
base pairs.  These regions of synteny flank the origin of replication, and it is hypothesized 
reorganization would be naturally selected against in this region due to its importance in the 
maintenance of the species.   In Figure 4, there are only a small number of genes not located 
along the forward diagonal.  Therefore, these genes are in different locations in both genomes.  
These genes are also singular, having not moved in groups, as opposed to what is seen in 
Figure 5, where a large number of genes have moved together.  The movement of genes 
independently to different locations supports the hypothesis of horizontal gene transfer 
between these species.  However, this could also be caused by transposition within the 
genome.   
Figure 5, which is a dot plot of the comparison between the Anoxybacillus 
flavithermus WK1 and Geobacillus kaustophilus HTA426 genomes, GHPRQVWUDWHVWKH³;-
SDWWHUQ´UHSUHVHQWLQJDQLQYHUVLRQ, as seen in many species comparisons.  There are five 
distinct areas of synteny between these two genomes.  The first, located in the bottom left 
corner of Figure 5, occurs at, and extends beyond, the origin of replication.  The second, 
located in the top right corner of Figure 5, is found on the other side of the origin of 
replication, located between 2.3 Mbp and 2.8 Mbp with respect to the A. flavithermus 
genome.  Two distinct syntenic regions are found on the reverse diagonal.  One of these 
regions is located between 0.4 Mbp and 1.3 Mbp with respect to the A. flavithermus genome.   
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The other region on the reverse diagonal is located between 1.4 Mbp and 2.3 Mbp with 
respect to the A. flavithermus genome.  The last syntenic region between these species is 
located near the terminus between 1.3 Mbp and 1.5 Mbp with respect to the A. flavithermus 
genome.  
The genes on the reverse diagonal have been inverted with respect to the terminus of 
one genome.   As described by Delcher et al., this could have been caused by a symmetrical 
terminal inversion (2002).  The small uninverted region between in the center of both 
genomes corresponds to a second terminal inversion.  The center of both genomes on this 
graph represents the approximate terminus location.  As the terminus of replication is 
important to the replicative success of the organisms, it is hypothesized that inversions in this 
area would be naturally selected against.  The distance of both of these inversions from the 
terminus suggests that areas beyond the terminus do not have these selective pressures, and 
therefore inversions can occur. 
The same hypothesis is also true for the origin of replication.  While inversions are 
located near the origin, they occur farther away than the inversions present near the terminus.  
This suggests there are greater selective pressures occurring at the origin than at the terminus, 
allowing for more inversions to occur within a closer proximity to the terminus.  
The number of single genes occurring in different locations in Figure 5 also supports 
the theory that these inversions are relatively old and that many of them occurred separately.  
As described in Chapter 1, if one large inversion had occurred, the entire terminus inversion 
would have one contiguous line of genes on the reverse diagonal. Instead, there are small 
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breaks in this expected contiguous line.  Independent gene movement occurring can explain 
the breaks in these contiguous gene lines, after the inversion occurred.  The fact that a region 
formerly located near the terminus is now located on the forward diagonal suggests a second 
inversion occurred after the first.  These facts support the hypothesis that two inversions have 
occurred between A. flavithermus and G. kaustophilus.  The two inversions between these 
species have also been around long enough for subsequent horizontal gene transfers to occur.   
Figure 6, which is a dot plot of the comparison between between O. iheyensis HTE831 
and Paenibacillus, demonstrates the lack of synteny between two genomes.  Both of these 
genomes were used in this study as outgroups, and thus would be expected to have the lowest 
amount of synteny between them.  There is no X-pattern present between these two genomes 
and only very small areas of synteny on either diagonal.  However, the small areas of synteny 
that these genomes share are significant.  Both the origin (represented in Figure 6 at the 
beginning and end of each axis) and terminus (located here in the middle of Figure 6) are the 
only syntenic regions between these two organisms.  This supports the hypothesis that 
rearrangements in these regions are selected against.  Consequently, even distant outgroups 
share syntenic genes in these areas.  These results validate the use of these species as 
outgroups, as they do not share a majority of syntenic regions between other members in this 
study, while also having syntenic regions in what is thought to be the most selected against 
regions, the origin and terminus.   
BSRs demonstrated there were many inversion events that occurred between the 
species in this study.  The inversions for each BSR plot were quantified as having undergone 
no inversions, one inversion, or two inversions.  If two inversions had occurred, the X-pattern  
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was demonstrated on the BSR plot, as demonstrated in Figure 5.  If the plot showed an 
inversion, but lacked the resolved terminus area, as seen in the center of Figure 5, only one 
inversion was determined to have occurred.  Figure 7 is a data matrix, demonstrating the 
inversion classifications for all species compared to each other. While a majority of species 
displayed several inversions when compared to other species, A. flavithermus displayed the 
most with respect to other genomes, as can be seen in Figure 7.  A. flavithermus displayed an 
X-pattern, noted in Figure 7 with values of two, in almost every species in this study, although 
to a varying degree.  The only species that had not undergone two inversions when compared 
to A. flavithermus were B., B. licheniformis, B. amyloliquifaciens, and B. subtilis.   
B. pumilus, B. licheniformis, B. amyloliquifaciens, B. subtilis, G. kaustophilus, G. 
thermodenitrificans, and O. iheyensis have no inversion present when compared to each other.  
This finding suggests that the inversions present in the rest of the species occurred after the 
speciation of this group from the rest of the species.  Another possibility is that the inversion 
occurred before the speciation of this group, however, but that it was resolved before further 
speciation occurred within this group.  If the inversion had resolved, it is unlikely that the 
resolution occurred at the same break points as the initial inversion, and this would leave a 
few remaining genes present still inverted.  This scenario is less likely to have happened, as 
there are no remnants remaining of any inversion occurring.  
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Figure 7: Data matrix of pairwise inversion classification between Bacillus species.  
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O. iheyensis also had no inversions present relative to B. cereus and B. thuringiensis.  
B. cereus and B. thuringiensis also had no inversions when compared to each other.  Again, 
this finding suggests that the inversions present in the rest of the species occurred after the 
speciation of this group from the rest of the species.  Both species of B. megaterium showed 
no sign of inversion relative to one another, which can also be observed in Figure 4.  
Similarly, B. halodurans and B. clausii showed no inversions relative to one another.  These 
initial observations led to the hypothesis that an ancestral inversion had taken place in this 
group prior to their speciation.   
Figure 7 also demonstrates that there is at least one inversion present in all species 
relative to at least one other species in this study.  Three species demonstrated inversions in 
every species, A. flavithermus, B. cytotoxis, and B. weihenstephanensis.  There are several 
reasons why these species have all inverted comparisons.  These species could have all 
undergone an ancestral inversion, and little rearrangement has occurred since this time.  These 
species could also be more prone to inversions and thus multiple inversions have occurred 
during the speciation of this group, relative to the other members in this study.   
It is important to note that L. monocytogenes and Paenibacillus were not included in 
Figure 7, as they showed no inversion pattern with any species.  One outgroup of this study, 
O. iheyensis, demonstrated the fewest inversions relative to the other species. However, even 
as an outgroup O. iheyensis still demonstrated an inversion relative to eight species: both B. 




thuringiensis, and B. cytotoxis.  This finding supports the hypothesis of an ancestral inversion, 
as a more distantly related genome also shares inversion patterns with other genomes.  
However, the fact that L. monocytogenes and Paenibacillus did not show inversion patterns 
suggests that these inversions occurred after the divergence of these two outgroups from the 
common ancestor of the group of species.   
Pairwise comparisons of BSR maps identified the location of chromosomal inversions 
present in many of the genomes relative to one another.  While these inversions were 
observed through the use of BSR, a need still remained to quantify if these results were 
statistically significant.  The problem with the BSR approach essentially centers around its 
ability to only show the biggest and most obvious inversions, without calculating how many 
inversions have occurred between species.  For example, what if inverted genes really did 
occur in groups and not randomly, as would be expected if horizontal gene transfer had 
occurred?  To address this question, MUMmer was used to quantify these inversions, and is 
described in Chapter 3 (Delcher et al., 1999).  This also inspired the visualization of circular 
chromosomal comparisons, described in Chapter 4, as well as the development of RINC, a 
novel approach to calculate the number of inversions that have occurred between the species 
of this study, described in Chapter 5.  









 While the BSR approach, described in Chapter 2, classified and identified inversions, 
analysis still needed to be conducted to determine if these inversions were statistically 
significant.  To test if inversions were statistically significant, MUMmer was performed in a 
pair-wise comparison between all genomes.   If inversions are statistically significant, they 
have occurred from the result of a large genomic inversion, and not the result of a small 
genomic rearrangement, such as horizontal gene transfer (Delcher et al., 1999).  
The MUMmer approach is appropriate for comparison of syntenic chromosomal 
regions, genomes, and evolutionary studies (Delcher et al., 1999).  The MUMmer program 
was developed to rapidly find the number of MUMs subsequences between two genomic 
sequences (Delcher et al., 1999).  Essentially, if a match is found between two genomes, the 
MUMmer algorithm will continue searching for adjacent matches between the two genomes 
until no further matches can be made.  Each of these successful matches equates to one 
MUM.  Therefore, one MUM could consist of part of one gene, or include a series of genes 
that are adjacent to each other.  The ability of MUMmer to match partial genes, or multiple 
genes, is an important component to this approach, and distinguishes it from a gene 
comparison approach such as BSR.   
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A program within MUMmer called PROmer was used to find conservation between 
two genomes on the amino acid level, which is more conserved than the DNA level (Kurtz et 
al., 2004).  PROmer translates all six reading frames into their amino acids before alignment 
between two genomes (Kurtz et al., 2004). The output of PROmer is a graph representing the 
length of each genome analyzed on an axis, displaying the MUMs present between the two 
genomes.  
MUMs between any two species are uniformly distributed throughout the genomes 
being compared.  Therefore, by taking any proportion of the graph, an equally proportionate 
amount of MUMs should be found in that region.  Probability statistics can be calculated to 
determine if MUMs present in these regions differ from the expected number of MUMs. 
MUMs present on the forward diagonal have the same relative location with respect to both 
genomes.  Two species that are closely related should contain the vast majority of their 
MUMs on the forward diagonal axis.  Therefore, the number of MUMs present on the reverse 
diagonal is of interest, as these MUMs represent the parts of the genome that are hypothesized 
to have undergone chromosomal inversions.  Significant amounts of MUMs are not expected 
to occur on the reverse diagonal of closely related genomes unless an inversion has occurred 
(Delcher et al., 2002).  An example of the output from PROmer, and the areas of the diagonals 
of interest, is shown in Figure 8.   
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Figure 8: An example of the MUMmer output between two genomes.  Highlighted in orange 
and blue are the 10% areas of the forward and reverse diagonals respectively.  Red MUMs 





MUMmer finds the number of MUMs between two genomic sequences (Delcher et 
al., 1999). The complete nucleotide acid sequence of each genome was used as input for 
PROmer, a program within MUMmer.  PROmer translated all nucleotide sequences for all six 
reading frames before finding matches.  Then, PROmer was used to find areas of conservation 
(MUMs) between two genomes on the amino acid level, which is more conserved than the 
DNA level (Kurtz et al., 2004).  PROmer translates all six reading frames into their amino 
acids before alignment between two genomes (Kurtz et al., 2004).  PROmer utilizes one 
genome as a reference, and the other genome as a query.  Each genome was run against every 
other genome, so that each genome acted as both a reference and a query for every other 
genome.   With this aspect of the MUMmer algorithm in mind, it is important to note that the 
data matrix created by MUMmer is not symmetrical due to the reference and query sequences 
utilized (Delcher et al., 2002).   
 
Number of MUMs 
 
PROmer plots the location of each MUM relative to its genomic location in both 
species.  The entire output of PROmer alignments can be found in the suplamental materials.  
To calculate the significance of these MUMs, the forward and reverse diagonal axis were 
expanded separately to include ten percent of the total area of the graph, as demonstrated in 
Figure 5. These ten percent areas were composed of five percent of the area, on each side of 
the diagonal axes.  The total number of MUMs found between all species was found in a pair- 
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wise comparison.  Similarly, the number and then percentage of MUMs found on the forward 
and reverse diagonal was calculated. Probability statistics were then determined for both the 
forward and reverse diagonal separately.  The probability (Pr) of observing at least m matches 
in a region with area p, and a total number of MUMs N, can be computed using the binomial 
distribution equation (Eisen et al., 2000). 
Equation 1: Binomial distribution equation (Eisen et al., 2000) 
Using the normal approximation to the binomial distribution, large factorials could be 
calculated to generate a probability statistic.  Heat maps were made, to visualize the pair-wise 
probability statistics between genomes.  
Length of MUMs 
The total length of all MUMs present between two species was calculated.  Then the 
lengths of the MUMs on both the forward and reverse diagonals were calculated 
independently.  The proportion of MUM lengths on the forward and reverse diagonal were 
calculated from the total MUMs present between two species.  A one-tailed two-proportion Z 
test was calculated to determine if greater than ten percent of the total MUM length was found 
on each diagonal, demonstrated in Equation 2.  P1 represents the proportion of MUM lengths 
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found on the diagonal, with n1 representing the total length of MUMs on the diagonal.  P2 
represents the ten percent of MUM lengths, with n2 representing the length of ten percent of 
total MUM length.  
 
Equation 2: One-tailed two-proportion Z test 
 
The Z value obtained from Equation 2 was used to obtain a p-value using normal distribution.  
The null hypothesis states that the proportion of MUM lengths is greater than or equal to the 
expected ten-percent proportion of MUM lengths.  The alternative hypothesis states that the 
proportion of MUM lengths is less than the expected ten-percent proportion of MUM lengths.  
If the p-value obtained from this test is greater than the significance value of p = 0.001 the 
null hypothesis cannot be rejected and the proportion of MUM length is greater than expected 
and considered statistically significant.   
 
 
Results and Discussion 
 
 
Range of MUMmer Results 
 
 
The BSR approach in Chapter 2 provided qualitative evidence of inverted regions 
among the genomes studied.  The quantitative MUMmer approach was used to determine if 
inversions were statistically significant.  Two genomes with complete synteny will have their 
MUMs appear as a diagonal line in which y = x (Deboy 	0RQJRGLQ+RZHYHU³;- 
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SDWWHUQ´GLVWULEXWLRQVKDYHEHHQGHPRQVWUDWHGEHWZHHQWZRJHQRPHVLQVHYHUDOVWXGLHV
(Bottacini et al., 2010; Deboy & Mongodin, 2010; Eisen et al., 2000).  These X-patterns are 
thought to have resulted from a number of chromosomal inversions that pivot around the 
origin and terminus (Deboy & Mongodin, 2010).  Figures 9, 10, and 11 demonstrate the range 
of outcomes from the MUMmer analysis using the same genomes in Figures 4, 5, and 6. 
Figure 9 of Bacillus megaterium QM B1551 and Bacillus megaterium DSM 319 
displays MUMmers of members of the same species.  Similar to Figure 4, the majority of the 
MUMs follow along the forward diagonal.  Consequently, there is almost no divergence in 
syntenic MUMs in the first and last million base pairs.  The MUMs found are also colored in 
red, indicating their forward direction.  MUMs colored in blue are in the reverse orientation.  
In Figure 4, like Figure 9, there are only a small number of genes or, in this case, MUMs not 
located along the forward diagonal.  Therefore, these MUMs are in different locations in both 
genomes.  These MUMs are also singular, having not moved in groups, as opposed to what is 
seen in Figure 5 and Figure 10.  The movement of genes independently to different locations 
supports the hypothesis of horizontal gene transfer between these species.  
Figure 10 is the output of the MUMmer comparison between Anoxybacillus 
flavithermus WK1 and Geobacillus kaustophilus HTA426.  Figure 10 is the second 
demonstration of the X-pattern that was also present in Figure 5.  One important aspect of 
MUMmer is the ability to detect MUMs in the forward orientation, colored red, and MUMs in 
the reverse orientation, colored blue.  The MUMs on the reverse diagonal have been inverted 






Figure 9: Output of the MUMmer pair-wise comparison between Bacillus megaterium QM 
B1551 and Bacillus megaterium DSM 319.   Red MUMs represent a forward orientation while 







Figure 10: Output of the MUMmer pair-wise comparison between Anoxybacillus flavithermus 
WK1 and Geobacillus kaustophilus HTA426. Red MUMs represent a forward orientation 
while blue MUMs represent a reverse orientation. 
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Figure 11: Output of the MUMmer pair-wise comparison between Oceanobacillus iheyensis 
HTE831 and Paenibacillus sp. JDR-2.  Red MUMs represent a forward orientation while blue 
MUMs represent a reverse orientation.  
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been caused by a symmetrical terminal inversion (2002).  The inversion is confirmed by the 
reverse orientation of these MUMs and they are represented in blue in Figure 10.  The center 
of both genomes on this graph represents the approximate terminus location.  The small un-
inverted region in the center of both genomes corresponds to a second terminal inversion.  
This resolved region of MUMs at the terminus is also confirmed by the forward orientation of 
these MUMs, colored red in the center of Figure 10. As the terminus of replication is 
important to the replicative success of the organisms, it is hypothesized that inversions close 
to the terminus would be naturally selected against.  The distance of both of these inversions 
from the terminus suggests that areas beyond the terminus do not have these selective 
pressures, and therefore inversions can occur. 
The number of single MUMs occurring in different locations in Figure 10 also 
supports the theory that these inversions are relatively old and that many of them have 
occurred separately.  As described in Chapters 1 and 2, if one large inversion had occurred, 
the entire terminus inversion would have one contiguous line of genes on the reverse 
diagonal.  Instead, there are small breaks in this expected contiguous line.  Horizontal gene 
transfers occurring can explain the breaks in these contiguous gene lines, after the inversion 
occurred.  The fact that a region formerly located near the terminus is now located on the 
forward diagonal suggests a second inversion occurred after the first.  These facts support the 
hypothesis that multiple inversions have occurred, and have been around long enough for 
subsequent horizontal gene transfers to occur.  
Figure 11 of Oceanobacillus iheyensis HTE831 and Paenibacillus sp. JDR-2 shows 
lack of similarity between two outgroups.  Figure 11 shows similar discordance between two 
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outgroups, as was demonstrated in Figure 6.  There is no X-pattern present between these two 
genomes and only very small areas of synteny on either diagonal.  The origin, represented in 
Figure 11 at the beginning and end of each axis, only has a very small amount of synteny.  
There are two regions of synteny near the terminus, located in the middle of Figure 11.  
Consequently, even distant outgroups share syntenic genes in these areas.  However, both of 
these genomes were used in this study as outgroups, and thus would be expected to have the 
lowest amount of synteny between them.  These results validate the use of these species as 
outgroups, as they do not share a majority of syntenic regions between other members in this 
study, while also having syntenic regions in what is thought to be the most conserved areas of 
the genome: the origin and terminus.   
 
Total MUMs Found 
 
After MUMmer was run on all genomes, against all other genomes, the total number 
of MUMs found was determined.  MUMs present between two species are uniformly 
distributed (Delcher et al., 1999; Eisen et al., 2000).  Therefore, taking any ten percent of the 
graph, ten percent of the MUMs should be present (Eisen et al., 2000).  By separately 
calculating ten percent of the MUMs on the forward and reverse diagonal as demonstrated in 
Figure 8, the percentage of MUMs found on these diagonals could be calculated.   
Figure 12 lists the total MUMs found between all genomic comparisons.  If greater 
than 2,999 MUMs were found, they were highlighted in green.  If between 2,000 and 2,999 
MUMs were found they were highlighted in blue.  If between 1,000 and 1,999 MUMs were  
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found they were highlighted in yellow.  Lastly, if fewer than 999 MUMs were found, they 
were highlighted in orange.  MUMmer uses one genome as a reference, and the other genome 
as a query.  Therefore, in respect to the number of MUMs found, the data in Table 3 is not 
symmetrical.  Genomes on the top of the table were used as reference sequences for genomes 
on the left side of the table.  This means that two genomes will have two different total 
MUMs found, one for each genome being used as a reference, while the other one is queried 
against it. 
Several conclusions can be drawn from the total number of MUMs found between 
Bacillus species listed in Figure 12.  First, B. thuringiensis, B. weihenstephanensis, B. cereus, 
and B. anthracis had the most MUMs found between them.  Within this group a minimum of 
3,018 and a maximum of 3,152 MUMs were found.  Therefore, these species share more 
syntenic regions than any other combination of species.  B. thuringiensis, B. 
weihenstephanensis, B. cereus, and B. anthracis also share a large number of syntenic regions 
with B. cytotoxis.  Among this group, B. anthracis and B. thuringiensis share the fewest 
number of syntenic regions, with 1,677 and 1,684 MUMs found.   
However, its important to keep in mind that MUMs may contain part of one gene, or 
may contain several genes.  Therefore, while this group had the most number of syntenic 
regions (MUMs), this does not mean the total synteny found within this group is greater than 
any other combination of species.  For example, it has been demonstrated in Figure 4 and 
Figure 9 that the two B. megaterium species share almost complete synteny.  However, 
MUMmer only found 1804 and 1807 MUMs between these species.  This can occur because  
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Figure 12: MUMs found between Bacillus species. Green cells represent comparisons with greater than 2,999 MUMs.  Blue 
cells represent comparisons with between 2,000 and 2,999 MUMs. Yellow cells represent comparisons with between 1,000 
and 1,999 MUMs.  Orange cells represent comparisons with fewer than 999 MUMs. 
Total MUMs 
Between Species  
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one MUM can span several genes, decreasing the amount of MUMs found.  However, this 
does not mean there is less total synteny between these species.    
  Another group with a large amount of syntenic regions between them is B. pumilus, 
B. licheniformis, B. amyloliquifaciens, and B. subtilis.  Within this group a minimum of 2,094 
and a maximum of 2,542 MUMs were found.  B. subtilis and B. amyloliquifaciens shared the 
most syntenic regions within this group, with 2,542 and 2,498 MUMs found.  B. 
amyloliquifaciens and B. pumilus also shared the fewest syntenic regions within this group, 
with 2,094 and 2,102 MUMs found.   
 The remaining species that had over 2,000 MUMs found were the two Geobacillus 
species when compared to one another.  When G. kaustophilus was used as a reference, 2,168 
MUMs were found when G. thermodenitrificans was queried against it.  When G. 
thermodenitrificans was used as a reference, 2,159 MUMs were found when G. kaustophilus 
was queried against it.  The amount of syntenic regions is expected between two members of 
the same genus, Geobacillus.   
 Interestingly, B. clausii had the largest amount of MUMs found below 1,000 among 
species that were not outgroups.  When B. clausii was used as a reference genome, only 701 
MUMs were found when G. thermodenitrificans was queried.  Likewise, only 974 MUMs 
were found when B. halodurans was queried against the B. clausii genome.  When B. clausii 
was queried against A. flavithermus, only 971 MUMs were found.  The lack of MUMs 
between B. clausii and G. thermodenitrificans is interesting because when G. 
thermodenitrificans was used as a reference genome, as opposed to B. clausii, 1127 MUMs 
were found.  One hypothesis to explain the difference of 156 MUMs could be the use of B.  
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clausii as a reference genome as opposed to a queried genome.  Perhaps in this instance, when 
B. clausii was used as a reference genome, more MUMs were continuously found, decreasing 
the actual number of MUMs found.  However, of the 18 comparisons with B. clausii, two-
thirds of the MUMs are higher when B. clausii was used as a reference genome as opposed to 
a queried genome against the other species genome.  
The majority of genomes had 1,000 to 1,999 MUMs found between them.  This was 
not true for L. monocytogenes.  When this outgroup was compared to all other species, all 
MUMs found were below 1,000, highlighted in orange in Figure 12.  The most MUMs that 
were found between L. monocytogenes and any other species was 963 when B. clausii was 
used as a reference genome.  The two lowest MUMs found between any two species were 
found when comparing outgroups L. monocytogenes and Paenibacillus.  When L. 
monocytogenes was used as a reference genome, 616 MUMs were found when Paenibacillus 
was queried.  When Paenibacillus was used as a reference genome, 598 MUMs were found 
when L. monocytogenes was queried.  This low number of syntenic matches is consistent with 
the lack of genomic similarity between two outgroups.  
MUMs on the Forward Diagonal 
As stated previously, two species that are closely related should contain the vast 
majority of their MUMs on the forward diagonal axis.  Table 4 (see Chapter 6) represents the 
percentage of MUMs found within 10% of the y = x forward diagonal when compared to the 
total number of MUMs found.  When 75% to 100% of total MUMs were found on the 
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forward diagonal, cells were highlighted green.  When 50% to 74.9% of total MUMs 
were found on the forward diagonal, cells were highlighted yellow.  When 25% to 49.9% of 
total MUMs were found on the forward diagonal, cells were highlighted blue.  When 10% to 
24.9% of total MUMs were found on the forward diagonal, cells were highlighted orange.  
When 0% to 9.9% of total MUMs were found on the forward diagonal, cells were highlighted 
red.  Similar to Figure 12, genomes on the top of the table were used as reference sequences 
for genomes on the left side of the table.  Therefore, with respect to the number of MUMs 
found, the data in Figure 13 is not symmetrical.     
Similar patterns from Figure 12 were demonstrated in Figure 13.  B. anthracis, B. 
weihenstephanensis, B. cereus, B. thuringiensis, and B. cytotoxicus all shared over 75% 
synteny on the forward diagonal when compared to each other.  B. thuringiensis and B. cereus 
shared the highest synteny on the forward diagonal compared to other members of this group.  
When B. thuringiensis was used as a reference genome, 98.9% of MUMs were found on the 
forward diagonal when B. cereus was queried.  When B. cereus was used as a reference 
genome, 98.8% of MUMs were found on the forward diagonal when B. thuringiensis was 
queried. Among this group the species with the fewest percentage of MUMs on the forward 
diagonal was B. cytotoxis and B. anthracis.  When B. cytotoxis was used as a reference 
genome, 72.5% of MUMs were found on the forward diagonal when B. anthracis was 
queried.  When B. anthracis was used as a reference genome, 72.7% of MUMs were found on 
the forward diagonal when B. cytotoxis was queried.  
 B. pumilus, B. licheniformis, B. amyloliquifaciens, and B. subtilis all shared greater 




Figure 13: MUMs found within 10% of the forward diagonal between Bacillus species.  
Percentage of MUMs 




12, with relation to their total number of MUMs.   B. amyloliquifaciens and B. subtilis shared 
the highest synteny on the forward diagonal compared to other members of this group.  When 
B. amyloliquifaciens was used as a reference genome, 93.7% of MUMs were found on the 
forward diagonal when B. subtilis was queried.  When B. subtilis was used as a reference 
genome, 92.2% of MUMs were found on the forward diagonal when B. amyloliquifaciens was 
queried.  Among this group the species with the fewest percentage of MUMs on the forward 
diagonal was B. subtilis and B. licheniformis.  When B. subtilis was used as a reference 
genome, 84.3% of MUMs were found on the forward diagonal when B. licheniformis was 
queried.  When B. licheniformis was used as a reference genome, 83.8% of MUMs were 
found on the forward diagonal when B. subtilis was queried.  
The more synteny shared between two genomes on the forward diagonal, the more 
closely related the species are (Delcher et al., 1999).  With the exception of the percentage of 
MUMs on the forward diagonal between B. anthracis and B. cytotoxis, the first group of 
species containing B. cereus has a higher percentage of MUMs on the forward diagonal than 
the group containing B. subtilis.  This suggests that the B. cereus group is more closely related 
then the B. subtilis group.  It also means less genomic rearrangement has occurred among the 
B. cereus group relative to the B. subtilis.  
The two B. megaterium species share 96.9% of their MUMs on the forward diagonal.  
When B. megaterium QM B1551 was used as the reference genome, 97% of all MUMs were 
found on the forward diagonal.  This means that only 3.0% to 3.1% of all syntenic regions 
between the B. megaterium species are not located on this forward diagonal, demonstrating 
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the large amount of synteny between these species.  It also demonstrates the lack of 
rearrangements that have occurred between these two members of the same species.  
Similarly, the two species in the Geobacillus genus share a large percentage of MUMs 
on the forward diagonal.  In fact, they share a slightly greater percentage of MUMs than the 
B. megaterium species, with 97.2% of total MUMs occurring on the forward diagonal.  This 
also demonstrates the large amount of synteny between the two members of the Geobacillus 
genus.  This also demonstrates the lack of rearrangements that have occurred between these 
species.  
The B. cereus group of species also shows a high level of synteny with several other 
species.  Both B. megaterium species, both Geobacillus species, and A. flavithermus share 
between 25% and 49.9% of their MUMs on the forward diagonal with relation to the B. 
cereus group.  This suggests that these species are more closely related to the B. cereus group, 
as they share a large amount of synteny on the forward diagonal.  It also suggests that fewer 
genomic rearrangements have occurred between this group of species and the B. cereus group 
of species, compared to the remaining species in the study.  
The B. subtilis group of species also shows a high level of synteny with several other 
species.  B. clausii, B. halodurans, and O. iheyensis share between 25% and 49.9% of their 
MUMs on the forward diagonal with relation to the B. subtilis group.  This suggests that these 
species are more closely related to the B. subtilis group, as they share a large amount of 
synteny on the forward diagonal.  It also suggests that fewer genomic rearrangements have 
occurred between this group of species and the B. subtilis group of species, compared to the 
remaining species in the study.  
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L. monocytogenes shares the least amount of syntenic regions along the forward 
diagonal compared to all other species.  L. monocytogenes shares less than 10% of the total 
MUMs on the forward diagonal with the  group as well as both B. megaterium species.  L. 
monocytogenes shares 26% of its total MUMs on the forward diagonal with another outgroup, 
O. iheyensis.  Relative to the L. monocytogenes genome, all other species shared between 
10% and 24.9% of their MUMs on the forward diagonal.  This again validates the usage of 
this species as an outgroup, as it demonstrates the least amount of MUMs on the forward 
diagonal, meaning it is a distant relative of the other species in this study.   
 
MUMs on the Reverse Diagonal  
 
The number of MUMs present on the reverse diagonal is of interest, as these MUMs 
represent the parts of the genome that are hypothesized to have undergone chromosomal 
inversions.  Significant amounts of MUMs are not expected to occur on the reverse diagonal 
of closely related genomes, unless an inversion has occurred (Delcher et al., 2002).  Figure 14 
represents the percentage of MUMs found within 10% of the reverse diagonal when compared 
to the total number of MUMs found.  When 75% to 100% of total MUMs were found on the 
reverse diagonal, cells were highlighted green.  When 50% to 74.9% of total MUMs were 
found on the reverse diagonal, cells were highlighted yellow.  When 25% to 49.9% of total 
MUMs were found on the reverse diagonal, cells were highlighted blue.  When 10% to 24.9% 
of total MUMs were found on the reverse diagonal, cells were highlighted orange.  When 0% 
to 9.9% of total MUMs were found on the reverse diagonal, cells were highlighted red.   
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Similar to Figure 12 and Figure 13, genomes on the top of the table were used as reference 
sequences for genomes on the left side of the table.  Therefore, with respect to the number of 
MUMs found, the data in Figure14 is not symmetrical. 
As is demonstrated in Figure 14, the majority of MUMs present on the reverse 
diagonal make up less than 10% of the total MUMs; however several patterns still emerge.  
The species with the largest amount of syntenic regions on the reverse diagonal is A. 
flavithermus, when it was used as the reference genome.  When A. flavithermus is used as a 
reference genome, only one species, B. clausii, has less than 10% of total MUMs on the 
reverse diagonal.   When A. flavithermus was used as a reference genome, several species had 
between 25% and 49.9% of their total MUMs on the reverse diagonal.  These species include 
B. pumilus, B. licheniformis, B. amyloliquifaciens, B. subtilis, G. kaustophilus, G. 
thermodenitrificans, B. cereus, B. thuringiensis, B. weihenstephanensis, and B. cytotoxis.  All 
other non-outgroup species had between 10% and 24.9% of their total MUMs on the reverse 
diagonal when A. flavithermus was used as the reference genome.  
When A. flavithermus was used as a queried genome against other genomes as a 
reference, only the Geobacillus species shared over 25% of its MUMs on the reverse 
diagonal.  The only species that had between 10% and 24.9% of its MUMs on the reverse 
diagonal was B. clausii, with 22.6%.  As mentioned earlier, B. clausii was the only species 
with fewer than 10% of its MUMs on the reverse diagonal when A. flavithermus was used as 
the reference genome.  This brings up an interesting phenomenon that occurs with the 
MUMmer algorithm.  
63 Figure 14: MUMs found within 10% of the reverse diagonal between Bacillus species. 
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on the Reverse 
Diagonal 
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Interestingly, when queried against, B. halodurans had the second most MUMs on the 
reverse diagonal, followed only by Paenibacillus, which occurred in the B. cereus and 
Geobacillus groups.  When B. halodurans was referenced against, it also had the second 
highest MUMs found, second only to A. flavithermus, also found when the B. cereus and 
Geobacillus species were queried.  While genes did not show this similarity between B. 
halodurans and the B. cereus and Geobacillus groups, MUMmer suggests that more sequence 
similarity is found between these species.  
The MUMmer algorithm was developed to rapidly find matching subsequences using 
one genome as a reference and another genome as a query.  By searching for the sequences 
that match the reference genome, different matches are found depending on which genome is 
used as a reference.  This explains why more MUMs were found on the reverse diagonal 
when A. flavithermus was used as the reference genome, as opposed to the queried genome.  
Other groups showed a large amount of MUMs present on the reverse diagonal 
besides A. flavithermus.  The B. subtilis group, which includes its namesake, B. pumilus, B. 
licheniformis, and B. amyloliquifaciens, shared between 22.4% and 30.7% of their total 
MUMs when compared to B. clausii and B. halodurans.   The B. cereus group, which includes 
its namesake, B. anthracis, B. weihenstephanensis, B. thuringiensis, and B. cytotoxis, shares 
between 19.1% and 23.0% of their total MUMs when compared to the Geobacillus genomes.  
Two different scenarios could explain the maintenance of these inversions between separate 
groups of species.  First, there was an inversion that occurred before the speciation of these 
groups from each other.  Since this time, the inversions have been maintained in these 
genomes.  Another possible scenario is that the frequency of the inversions around the 
  
65  
terminus occur so frequently that a given number of shared syntenic regions could occur due 
to similar genes that are located in the same region being inverted from different inversion 
events.   
The outgroups in this study showed a high percentage of MUMs on the reverse 
diagonal when they were queried against.  This can be explained using Figure 11 as well as 
Figure 12.  First, as noted in Figure 12, there are much fewer MUMs found in outgroups in 
general when compared with other species.  Second, in Figure 11 MUMs are very short in 
OHQJWKDQGWKHLUORFDWLRQEHWZHHQJHQRPHVGHPRQVWUDWHVD³VFDWWHUHG´SDWWHUQ7KHUHIRUH
MUMs found on the reverse diagonal are short and singular as opposed to being long inverted 
regions of synteny, as seen in Figure 10.  Coupled with the fact that there are fewer MUMs in 
total, a higher proportion of MUMs can be found in this region.  The lack of continuous long 
MUMs in this region speaks to the fact that no inversions have occurred in these species.  It 
could also be explained by a large number of inversions, which over time have left only small 
areas of synteny inverted in these regions.  To test which of these hypotheses is most likely to 
have occurred, statistical analysis can be done to determine if the number of MUMs present 
within a given area is greater than the MUMs expected from uniform distribution of the 
MUMs within the genome.   
 
Statistical Significance with Respect to the Number of MUMs 
 
MUMs present between two species are uniformly distributed (Delcher et al., 1999; Eisen et 
al., 2000).  Therefore, taking any ten percent of the graph, ten percent of the MUMs should be  
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present (Eisen et al., 2000).  By separately calculating ten percent on the forward and reverse 
diagonal as demonstrated in Figure 8, comparison of MUMs present to the expected amount 
of MUMs was made using the normal approximation to the binomial distribution (Eisen et al., 
2000).  
Significance of the number of MUMs on the Forward Diagonal 
Figure 15 is a heat map representing the probability statistic between what MUMs are 
present on the forward diagonal, and the odds of these MUMs occurring by chance.  All self-
to-self comparisons are shown in grey.  The two darkest shades of green represent statistically 
significant values using p < .0001.  The lightest shade of green represents probability statistics 
between .09 and .01, while the lightest shade of red? represents probability statistics between 
.10 and .49.  The second darkest shade of red corresponds to probability statistics between .05 
and .99999, while probability statistics of 1 are represented in the darkest shade of red.  
Figure 15 is a heat map representing the presence of MUMs on the forward diagonal 
for all pairwise comparisons.  In Figure 15 of the forward diagonal MUMs present, compared 
to what would be expected in this ten-percent section of the graph, 89.2% of the comparisons 
were significant.  Every species that was not considered an outgroup had a significant number 
of MUMs on the forward diagonal.  The only nonsignificant comparisons occur between 
outgroups when compared to the other species.  This was expected, as closely related 
genomes, such as the ones in this study, should share large amounts of synteny on the forward 
diagonal.  
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Figure 15: Forward diagonal heat map representing the statistical significance of MUMmer. 
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Consequently, outgroups of this analysis¼O. iheyensis, Paenibacillus, and L. 
monocytogenes²showed the least number of significant MUMs on the forward diagonal.  O. 
iheyensis is believed to be the closest relative of the outgroups when compared to the other 
genomes.  This was demonstrated, as O. iheyensis had the highest number of significant 
MUMs on the forward diagonal compared to the other outgroups.  The only nonsignificant 
comparison between O. iheyensis was when its genome was used as a reference and B. clausii 
was queried.  Paenibacillus is considered a more distant relative to Bacillus than O. iheyensis, 
yet more closely related than L. monocytogenes.  This was demonstrated as Paenibacillus, 
when used as the reference genome, had nonsignificant probability statistics with B. clausii, 
both B. megaterium species, and O. iheyensis.  When queried against both B. megaterium 
species, Paenibacillus also demonstrated nonsignificant probability statistics for MUMs 
present on the forward diagonal.  This means that MUMs that occurred within the forward 
diagonal are what would be expected.  With a uniform distribution of MUMs, and a forward 
diagonal that makes up ten percent of the graph, MUMs in these regions are not statistically 
different from what is expected in ten percent of the graph.   
L. monocytogenes is considered the most distant relative of all species.  This was 
demonstrated, as L. monocytogenes had the least number of significant MUMs when 
compared to all other species.  L. monocytogene,s when used as the reference genome, had 
nonsignificant probability statistics with both B. megaterium species, B. clausii, B. anthracis, 
B. weihenstephanensis, B. cereus, and B. thuringiensis.  Except for the case of B. clausii, this 
was also true when L. monocytogenes was queried against. 
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Significance of the number of MUMs on the Reverse Diagonal 
Figure 16 is a heat map representing the probability statistic between what MUMs are 
present on the reverse diagonal, and the odds of these MUMs occurring by chance.  All self-
to-self comparisons are shown in grey.  The two darkest shades of green represent statistically 
significant values using p < .0001.  The lightest shade of green represents probability statistics 
between .09 and .01, while the lightest shade of red represents probability statistics between 
.10 and .49.  The second darkest shade of red corresponds to probability statistics between .05 
and .99999, while probability statistics of 1 are represented in the darkest shade of red.  
Figure 16 is a heat map representing the presence of MUMs on the reverse diagonal 
for all pairwise comparisons.  In Figure 16 of the MUMs present on the reverse diagonal, 
compared to what would be expected in this ten-percent section of the graph, 76.2% of the 
comparisons were significant.  This is important because species that are this closely related 
do not share relation on this reverse axis unless chromosomal rearrangements, such as 
inversions, have occurred (Delcher et al., 1999).  Given the amount of X-patterns observed in 
the visualization of both the BSR and MUMmer approach, this confirms that 76.2% of the 
genomes have a significant number of MUMs inverted, and not due to horizontal gene 
transfer of individual genes.  
Also of importance is the lack of synteny between some members that are not 
outgroups.  For example, both B. megaterium species, when used as both a reference and a 
query to other genomes, showed a lack of statistically significant MUMs on the reverse 





Figure 16: Reverse diagonal heat map representing the statistical significance of MUMmer.
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thuringiensis.  In Figures 12, 13, and 14, B. cytotoxis was grouped together with the other B. 
cereus genomes.  However, in this instance the number of statistically significant MUMs on 
the reverse diagonal in B. cytotoxis did not follow the pattern of the B. cereus group.  This is 
evident by the significant probability statistics generated when B cytotoxis was compared to 
the B. megaterium species.  Similarly, when reference genomes of B. amyloliquifaciens and B. 
halodurans were used, the MUMs present on the reverse diagonal were not significant when 
queried with B. anthracis, B. weihenstephanensis, B. cereus, and B. thuringiensis Several 
other nonsignificant comparisons of MUMS on the reverse diagonal were made with respect 
to species that are not outgroups.  The number of MUMs on the reverse diagonal when B. 
pumilus was used as the reference genome was nonsignificant when B. cereus and B. cytotoxis 
were queried.  When B. clausii was used as the reference genome, MUMs on the reverse 
diagonal in B. weihenstephanensis were statistically nonsignificant.  When B. clausii was used 
as the query genome, MUMs present on the reverse diagonal compared to reference genomes 
of A. flavithermus, B. licheniformis, B. cereus, and B. thuringiensis were all statistically 
nonsignificant.  When B. weihenstephanensis was used as the reference genome, MUMs on 
the reverse diagonal in G. thermodenitrificans were statistically nonsignificant.  When B. 
cereus was used as the reference genome, MUMs on the reverse diagonal in G. kaustophilus 
were statistically nonsignificant.  The lack of significance with respect to MUMs on the 
reverse diagonal in these species suggests these species have a lack of inversions.  However, 
when the query and reference genome are reversed between these genomes, they are 
considered statistically significant.  This suggests that inversions are present in these species, 
but the lack of symmetrical identification of these reverse diagonal MUMs suggests they are 
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less abundant.  Therefore, these species are more divergent from other species, with respect to 
the inversions that have occurred among Bacillus.  
Outgroups of this analysis²O. iheyensis, Paenibacillus, and L. monocytogenes²
showed the least number of significant MUMs on the reverse diagonal.  O. iheyensis only had 
nonsignificant MUMs on the reverse diagonal when it was used as a reference genome and 
queried against B. clausii, B. anthracis, B. weihenstephanensis, B. cereus, and B. 
thuringiensis.  This demonstrated that among outgroups, O. iheyensis is the most related to the 
other genomes.   
Paenibacillus, when used as a reference genome, only showed significant MUMs on 
the reverse diagonal when B. licheniformis, G. thermodenitrificans, and B. clausii were 
queried.  However, when the Paenibacillus genome was queried against, only four species 
shared nonsignificant MUMs on the reverse diagonal: B. anthracis, B. weihenstephanensis, B. 
thuringiensis, and B. cereus.  This confirms the presence of Paenibacillus as being more 
distantly related to the Bacillus genome than O. iheyensis, while being more closely related 
than L. monocytogenes.   
L. monocytogenes had the least number of significant MUMs when compared to all 
other species.  When L. monocytogenes was used as the reference genome, only three 
genomes were considered as having a nonsignificant amount of MUMs: the B. clausii species, 
and both B. megaterium species.  However, when queried against, L. monocytogenes had a 
nonignificant amount of MUMs in eleven of eighteen species.  Therefore, L. monocytogenes 
is considered the most distant relative of all these species.  
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Statistical Significance with Respect to the Length of MUMs 
As mentioned earlier, a MUM can contain part of one gene, or several genes.  
Therefore, the length of MUMs present can offer valuable insight into the relationship 
between these species.  The lengths of MUMs on the forward and reverse diagonal were 
compared to the expected ten percent of total MUM lengths.  A one-tailed, two-proportion Z 
test was used to calculate a p-value to determine if the length of MUMs calculated were 
statistically greater than expected.  
Significance of the number of MUMs on the Forward Diagonal 
Figure 17 is a heat map representing the significance of MUM lengths on the forward 
diagonal between all species.  Comparisons that have greater than ten percent of all MUM 
lengths on the forward diagonal are highlighted in green.  Comparisons that have fewer than 
ten percent of all MUM lengths on the reverse diagonal are highlighted in red.  As with other 
MUMmer figures, the genomes on the top of the table were used as reference sequences for 
genomes on the left side of the table. 
Figure 17 demonstrates that all species with the exception of L. monocytogenes had 
over ten percent of their total MUM length on the forward diagonal.  L. monocytogenes when 
used as a query or a reference did not have ten percent of its MUMs on the forward diagonal 
when compared to both B. megaterium species, as well as the B. cereus group.  However, 





Figure 17: Statistical significance of MUM length on the forward diagonal. 
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length when compared to G. thermodenitrificans.  This is expected, as L. monocytogenes is 
the least related of all the genomes. 
Significance of the number of MUMs on the Reverse Diagonal 
Figure 18 is a heat map representing the significance of MUM lengths on the reverse diagonal 
between all species.  Like Figure 17, comparisons that have greater than ten percent of all 
MUM lengths on the forward diagonal are highlighted in green.  Similarly, comparisons that 
have fewer than ten percent of all MUM lengths on the reverse diagonal are highlighted in 
red.  As with other MUMmer figures, the genomes on the top of the table were used as 
reference sequences for genomes on the left side of the table. 
7KHOHQJWKRI080V¶VWDWLVWLFDODQDO\VLVSURYLGHGLPSRUWDQWFRQFOXVLRQV)LUVWZKHQ
A. flavithermus is used as a reference, all species but B. clausii have a significant length of 
MUMs on the reverse diagonal.  However, only eight genomes, when queried against A. 
flavithermus, have statistically significant length of MUMs on the reverse diagonal, including 
B. pumilus, B. licheniformis, B. amyloliquifaciens, B. subtilis, both Geobacillus species, B. 
halodurans, B. cytotoxis, and L. monocytogenes.  This demonstrates the difference between 
080PHU¶VXVHRITXHU\DQGUHIHUHQFHJHQRPHV:KHQJHQRPHVDUHXVHGDVDUHIHUHQFH
more MUMs with greater lengths are found, while the opposite is true when these genomes 
are used as a query.  
This difference is also noted by the presence of significant lengths of MUMs 




Figure 18: Statistical significance of MUM length on the reverse diagonal.
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queried against, all species had a significant length of MUMs on the reverse diagonal.  
However, when Paenibacillus was used as a reference, only the B. subtilis group of species 
had a significant length of MUMs on the reverse diagonal.  Similarly, when L. monocytogenes 
was used as a reference, all genomes except A. flavithermus, G. kaustophilus, and B. clausii 
MUM lengths were nonsignificant.  B. clausii and B. halodurans, when used as both a 
reference and queried genomes demonstrated significant lengths of MUMs when compared to 
the B. subtilis group.  This demonstrates that the MUMs present on the reverse diagonal are 




MUMmer visually confirmed the results of the BSR analysis, described in Chapter 2.  
This can be seen in the suplamental materials, containing the BSR graphs, and the MUMmer 
output.  Several patterns emerged from the MUMmer analysis.  B. anthracis, B. 
weihenstephanensis, B. cereus, and B. thuringiensis had similar results in Figure 12, Figure 
13, and Figure 14.  B. cytotoxis also shared similar results with the B. cereus group in Figure 
13 and Figure 14.  Similarly, B. pumilus, B. licheniformis, B. amyloliquifaciens, and B. 
subtilis all demonstrated similar results in Figure 12, Figure 13, and Figure 14.  Therefore, we 
conclude that the B. cereus group and the B. subtilis groups of species have diverged very 
recently.   
With respect to the MUMs present on the forward diagonal, all species that were not 
considered outgroups had a significant number of MUMs between all genomic comparisons.   
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In general, 89.2% of all genomic comparisons were considered statistically significant.  The 
lack of syntenic comparisons is completely related to the comparisons between the outgroups 
and the other species in this study.  This supports both the relatedness of the members of the 
genus that were not considered outgroups, as well as the usage of these specific outgroups.  
MUMmer also provided evidence that 76.2% of inversions were statistically 
significant.  The lack of statistically significant MUMs within this analysis is largely due to 
inclusion of the outgroups.  Therefore, not considering the nonsignificant MUMs present on 
the reverse diagonal among species that were not outgroups, the majority of Bacillus species 
had statistically significant MUMs present on the reverse diagonal.  This supports the 
hypothesis that several terminal inversions have occurred between these species.  
The length of MUMs present on the forward and reverse diagonal demonstrated the 
bias of MUMmer to distinguish between reference and query genomes.  Agreement on the 
significant lengths of B. clausii and B. halodurans with respect to the B. subtilis group was 
confirmed.  
However, one of the goals of this study was to be able to trace the phylogeny of these 
ancestral inversions.  BSR was done to identify these inversions, and MUMmer provided 
evidence they were statistically significant, but another approach would be needed to ³WUDFH´
these inversions.  These observations led? to the development of circular chromosomal 
comparisons (Chapter 4), and the novel algorithm RINC (Chapter 5) to detect the amount of 
inversions that have occurred between these species.  
 CHAPTER 4 
CIRCULAR CHROMOSOMAL COMPARISON 
Introduction 
The BSR approach, described in Chapter 2, and MUMmer approach, described in 
Chapter 3, offered visual linear representations of the entire chromosome.  However, circular 
chromosome comparisons, described in this chapter, utilized the chromosome in its natural 
circular state.  The main goal behind this approach was to determine not only which genes 
were inverted relative to another genome, but also the break points at which these inversions 
occurred.  
Circular chromosome comparisons mapped the core genome between two different 
species in two concentric circles.  Core genes were placed relative to their chromosomal 
location in both species within these circles.  Lines were drawn between homologous core 
genes.  This allowed for detection of the movement of core genes that has occurred between 
two species. 
As described in Chapter 2, two species that are closely related should contain the vast 
majority of their homologous genes on the forward diagonal when plotted with BSR.  In 
circular chromosome comparisons, these homologous genes will be located in the same 
relative positions between two genomes.  Also described in Chapter 2, two species that have 
undergone inversion display homologous genes on the reverse diagonal when plotted with 
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BSR.  A significant number of genes are not expected to occur on the reverse diagonal of 
closely related genomes unless an inversion has occurred (Delcher et al., 2002).  In circular 
chromosome comparisons, these homologous genes will be located on opposite sides of the 
genome when two genomes are compared, with respect to the horizontal axis.  
The observations made from the circular chromosome comparison led to the 
development of RINC.  In this approach genes that were inverted were resolved, and the core 
genome location before the inversion event was determined.  This approach, along with the 
circular chromosome comparison, allowed for visualization of the core genome location 
between two species, in its natural circular state.  Using this method the number of inverted 
genes as well as the percentage of core genes inverted was determined.  
Methods 
Circular Chromosome Comparison 
A Perl script utilizing CGI graphics was used to generate circular visual 
representations of the core gene locations between two species.  Two circles were plotted, 
each representing one genome.  Two input files were used, each containing the core genes and 
their coordinates for one species.  The top of each circle represented the start and end of a 
chromosome.  Then, each core gene was plotted relative to its own chromosomal length, on 
its respective circle.  Lines were drawn between homologous genes between the two species; 
different colors were used for ease of viewing.  Genes located on the same side of the genome 
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have pink lines between them.  Green and red lines were drawn between homologous genes 
on opposite sides of the chromosome with respect to the horizontal axis.  All genomes were 
compared to all other genomes.  The circular chromosome comparisons for all genomes are 
located in the suplamental materials. 
 
Resolved Inversion Comparisons 
 
A Perl script utilizing CGI graphics was used to generate circular visual 
representations of the resolved inversions, by plotting their resolved core gene locations 
between two species.  Based on the plotting of the core genomes, inverted genes in each 
species relative to one another were recorded.  Inverted genes were defined as any genes that 
resulted in red or green lines during the circular core genome chromosome comparison.  This 
meant that the homologous genes between two species were located on opposite sides of the 
genome.  To determine if these genes were terminally inverted, they were re-plotted 
equidistant from their distance from the terminus, but on the opposite side of the genome.  In 
RWKHUZRUGVRQHJHQRPHKDGLWVLQYHUWHGJHQHV³IOLSSHG´RQWKHKRUL]RQWDOD[LV:KHQWKH
inverted genes were re-plotted in this new position, they were no longer inverted, thus 
³UHVROYLQJ´WKHLQYHUVLRQ  All genomes were compared to all other genomes.  The resolved 





Results and Discussion 
Circular Chromosome Comparison 
The variation in results from the circular core genome comparisons is shown in Figure 
19, Figure 20, and Figure 21. These figures also use the same genomic comparisons between 
species as in Chapter 2 with BSR, and Chapter 3 with MUMmer.  
As shown in Figure 19, B. megaterium QM B1551 core genes are represented in the 
outer circle as blue lines.  B. megaterium DSM 319 core genes are represented in the inner 
circle as purple lines.  Pink lines were drawn between homologous core genes.  In B. 
megaterium QM B1551 and B. megaterium DSM 319, genomes of the same species share the 
same core genome locations.  
In contrast, Figure 20 between A. flavithermus WK1 and G. kaustophilus HTA426 
demonstrates the large chromosomal inversion that has occurred between these two species, 
followed by a smaller inversion.  A. flavithermus WK1 core genes are represented in the outer 
circle as blue lines.  G. kaustophilus HTA426 core genes are represented in the inner circle as 
purple lines.  Pink lines were drawn between homologous core genes on the same sides of the 
genome.  This was done relative to the horizontal axis, which represents the origin of 
replication at the top of the circle, and the terminus at the bottom of the circle.  Green and red 
lines were drawn between homologous genes on opposite sides of the chromosome with 
respect to the horizontal axis.  Red lines represent homologous genes that were located on the 
left side of A. flavithermus, but the right side of G. kaustophilus.  Similarly, green lines 
represent homologous genes that were located on the left side of G. kaustophilus, but the right 




Figure 19: Circular Chromosomal Comparison between Bacillus megaterium QM B1551 









Figure 20: Circular Chromosomal Comparison between Anoxybacillus flavithermus WK1 







Figure 21: Circular Chromosomal Comparison between Oceanobacillus iheyensis 
HTE831 and Paenibacillus sp. JDR-2.  
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Figure 20 displays characteristics of one large single inversion, followed by a 
second smaller inversion.  The inverted genes on both sides of the terminus are 
uninterrupted and symmetrical to the terminus.  These species also demonstrate a smaller 
inversion at the WHUPLQXVWKDWKDV³UHVROYHG´WKHRULJLQDOLQYHUVLRQLQWKLVORFDWLRQ
Therefore, these species have undergone two inversions. 
Figure 21 between O. iheyensis HTE831 and Paenibacillus sp. JDR-2 displays the 
lack of similarity between core genome locations between two species.  O. iheyensis core 
genes are represented in the outer circle as blue lines.  Paenibacillus core genes are 
represented in the inner circle as purple lines.  Pink lines were drawn between 
homologous core genes on the same side of the genome. Green and red lines were drawn 
between homologous genes on opposite sides of the chromosome with respect to the 
horizontal axis.  Red lines represent homologous genes that were located on the left side 
of O. iheyensis, but the right side of Paenibacillus.  Similarly, green lines represent 
homologous genes that were located on the left side of Paenibacillus, but the right side of 
O. iheyensis.  There is a small terminally inverted group of core genes, and a conserved 
group around the origin.  The rest of the core genes between these two species share 
minimal neighbors and lack any inversion patterns, as would be expected between 
outgroups.  This confirms the approaches from BSR and MUMmer with respect to 
outgroups; even in distantly related genomes, the origin and terminus share the most 
synteny with other species.   
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Inverted genes were identified using the circular chromosomal comparison. This was 
done by recording all genes that were on opposite sides of the genome, with respect. to 
the horizontal axis, between two species.  Figure 22 lists the number of inverted genes 
found between all species.  Outgroups were not included in this analysis, as their genes 
do not follow the inversion patterns described in Chapter 2 and Chapter 3.  Also 
important to note is that the number of inversions, not the number of genes, is of interest. 
Comparisons between two genomes with zero inverted genes are highlighted dark 
red.  The lighter shade of red highlights comparisons between two genomes with between 
1 and 50 inverted genes.  The lightest shade of green highlights comparisons between two 
genomes with between 51 and 100 inverted genes.  The intermediate shade of green 
highlightscomparisons between two genomes with between 101 and 151 inverted genes.  
The darkest shade of green highlights comparisons between two genomes with between 
151 and 200 inverted genes.  
Several patterns emerged from Figure 22 that are consistent with the results of the 
MUMmer analysis with respect to the groups of species involved.  The B. cereus group, 
including its namesake, B. anthracis, B. weihenstephanensis, and B. thuringiensis, had no 
inverted genes present between any of its members.  B. cytotoxis demonstrated its close 
relation to the B. cereus group, as it only contained one inverted gene compared to this 
group.  The B. cereus group and B. cytotoxis shared the least amount of inverted genes 
when compared to both B. megaterium species.  This could be evidence that the B. 




Figure 22: Circular chromosomal comparison number of inverted core genes. 




group.  However, as explained below, the number of inverted genes does not necessarily 
correlate to the phylogeny of these species.  Sharing between 53 and 100 inverted genes 
with the B. cereus group were B. clausii, B. halodurans, and A. flavithermus.  Two 
groups shared between 104 and 108 inverted genes when compared to the B. cereus 
group, the B. subtilis group and the two Geobacillus species.  While these groups have 
the largest number of inverted genes, this does not necessarily indicate they are more 
distantly related than groups with fewer inverted genes.  
For example, one large inversion could have occurred between two species that 
resulted in 100 inverted genes.  Then, another inversion occurred before speciation with 
another species, and in doing so resolved 50 of the genes, back to their original location.  
In this example, more rearrangement has occurred in the genome with 50 inverted genes 
than the genomes with 100 inverted genes.  Because of this, the lack of inverted genes is 
more important than the number of inverted genes, as this implies no inversions have 
occurred between species.  
The B. subtilis group, which includes its namesake, B. pumilus, B. licheniformis, 
and B. amyloliquifaciens, also showed no inverted genes when compared to each other.  
This means that no inversions have occurred in any of these species when compared to 
one another.  The two Geobacillus species also shared no inverted genes when compared 
to each other.  The Geobacillus species and the B. subtilis group shared a very small 
amount of inverted genes, only having between three and seven inverted genes when 
compared to one another.  Several theories could explain this; the first is that a small 
inversion has occurred.  Second, a large inversion could have taken place, followed by a 
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second inversion, which resolved the majority of the first inversion, back to its original 
genomic location.  Lastly, this small number of inverted genes could be the result of 
individual genes moving between the two genomes due to horizontal gene transfer, or a 
transposable element.  
The B. subtilis group and the Geobacillus species, when compared to the B. 
megaterium species, shared between 73 and 83 inverted genes.  The B. subtilis group and 
the Geobacillus species, when compared to the B. cereus group, shared between 103 and 
108 inverted genes.  The B. subtilis group and the Geobacillus species, when compared to 
B. clausii and B. halodurans, shared the most number of inverted genes for these groups: 
between 132 and 139 inverted genes.  Again, while the number of inversions cannot be 
determined from these comparisons, it does confirm that inversions have occurred 
between all other species when compared to the B. subtilis and Geobacillus groups.  
B. halodurans and B. clausii share five inverted genes between them.  Similar to 
the relationship between B. subtilis and the Geobacillus species described above, there 
are several theories that can explain this small number of genes.  B. clausii and B. 
halodurans share between 53 and 56 inverted core genes when compared to the B. cereus 
group and B. cytotoxis.  B. clausii and B. halodurans share between 63 and 70 inverted 
core genes when compared to the B. megaterium species. B. clausii and B. halodurans, 
when compared to the B. subtilis group, shared the most number of inverted genes for 
these groups: between 132 and 139 inverted genes.  Again, this confirms that inversions 
have occurred between all other species when compared to the B. clausii and B. 
halodurans groups.  
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The B. megaterium species had no inverted genes between them, as would be 
expected from two members of the same species.  As seen in Figure 14, their core genes 
are present in the same location in both of these species.  Between 36 and 41 genes were 
inverted when the B. megaterium species were compared to the B. cereus group and B. 
cytotoxis.  Between 68 and 83 genes were inverted when the B. megaterium species was 
compared to the B. subtilis group and Geobacillus species, as well as B. clausii and B. 
halodurans.  The largest number of inverted genes relative to the B. megaterium genome 
was A. flavithermus, with 128.  These results demonstrate that while no inversions have 
occurred between the two B. megaterium species, inversions have occurred when these 
species are compared to all other species.   
A. flavithermus, when compared to all other species, had the most inverted genes 
of any species.  When A. flavithermus was compared to the B. subtilis group and the 
Geobacillus species, between 196 and 199 of the 374 core genes were inverted.  As was 
demonstrated in Figure 10, two inversions have occurred between A. flavithermus and G. 
kaustophilus, resulting in a large proportion of the core genome being inverted between 
these species.  A. flavithermus shared the fewest inverted genes with B. halodurans, with 
63, followed by B. clausii with 70. As mentioned above, 128 inverted genes occurred 
between A. flavithermus and the two B. megaterium species.  A. flavithermus shared 100 
inverted genes with the B. cereus group, and 99 inverted genes with B. cytotoxis.  These 
results demonstrate that several inversions have occurred between A. flavithermus and all 
other species.  Due to this high number of inverted genes, it is possible that before the  
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speciation of A. flavithermus from the rest of these species, one or several inversions 
occurred and have been maintained in the A. flavithermus genome today.  
Figure 23 uses the same data as Figure 22, but instead reveals the percentage of 
core genes that have been inverted.  Comparisons between two genomes with zero 
inverted genes are highlighted dark red.  The lighter shade of red highlights comparisons 
between genomes that had between 1% and 25% of the core genes inverted.  The lighter 
shade of green highlights comparisons between genomes with between 26% and 50% 
inverted genes. The darkest shade of green highlights comparisons between two genomes 
that had greater than 50% of the core genes inverted.  
The large amount of genes inverted between A. flavithermus and all other species 
is demonstrated in Figure 23.  Between 52.4% and 53.2% of the core genome was 
inverted when A. flavithermus was compared to the B. subtilis group as well as the 
Geobacillus species.  Figure 10 demonstrated the two inversions that have occurred 
between A. flavithermus and G. kaustophilus, and the data from Figure 23 confirms that 
the inverted genes represented 52.4% of the entire core genome.  When A. flavithermus 
was compared to the B. megaterium species, 34.2% of the core genome was inverted.  
Over 26% of the core genome was inverted when A. flavithermus was compared to the B. 
cereus group and B. cytotoxis.  A. flavithermus shared the fewest percentage of core 
genome inversions with B. halodurans, at 16.8%, followed by B. clausii, with 18.7%.  
As described in Figure 23, zero inversions occurred within the B. cereus group, within 
the B. subtilis group, as well as between both Geobacillus species and between both B. 
megaterium species.  The B. subtilis group and B. cytotoxis group share between 
93 Figure 23: Circular chromosomal comparison percentage of inverted core genes.




26.5% and 28.6% of their core genome inverted with respect to the B. subtilis group.  The 
large percentage of core genes that are inverted between the B. subtilis and B. cereus 
group could coincide with the inability to resolve the relationship between these two 
groups of species, which will be described in detail Chapter 8.   
Observations in the circular chromosomal comparisonso led to definitions of the 
inverted genes between these species.  To test if these genes were terminally inverted as 
hypothesized, the resolved inversion comparison approach was developed.   
 
Resolved Inversions Comparison 
 
In order to determine if the inversions observed in the circular chromosome 
comparison were in fact terminally inverted as hypothesized, the RINC approach was 
developed.  This approach utilized the output of the circular chromosome comparisons as 
input.  The distance from the terminus of each inverted core gene was calculated for one 
of the genomes in the comparison.  The inverted core genes were then re-plotted that 
same distance from the terminus, but on the opposite side of it.  This was done for all 
genomes in comparison to all other genomes, except for outgroups.  As mentioned 
previously, outgroups do not share the inversion pattern present in the rest of the species, 
and for that reason they were not compared in this part of the study.   
Figure 24 illustrates the resolution of one of the two inversions between 
Anoxybacillus flavithermus and Geobacillus kaustophilus.  On the left side of Figure 24 is 
the same image as Figure 10, demonstrating the two inversions described previously.  On  
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the right side of Figure 24 is the output from the resolved inversion comparison.  All 196 
inverted core genes between these species were resolved to their original core genome 
location.  The genomic area of the resolved inversion is highlighted in yellow on the right 
side of Figure 24.  As previously described, two inversions have occurred between these 
VSHFLHV+RZHYHUWKHVHFRQGWHUPLQDOLQYHUVLRQ³UHVROYHG´LWVHOISODFLQJJHQHVLQWKH
same order between the two genomes, as seen near the terminus in Figure 24.  Therefore, 
Figure 24 is an example of resolving the other large inversion that has taken place 
between these species. 
Figure 25 represents another example of the resolved inversion comparison 
technique between Anoxybacillus flavithermus and Bacillus halodurans.  The left side of 
Figure 25 was the output from the circular chromosomal comparison analysis between 
these species.  The right side of Figure 25 demonstrates the output of these two genomes 
after the resolved inversion comparison analysis.  All 63 inverted core genes were 
resolved, and thus Figure 25 illustrates the core genome location before the inversion 
events. 
Unlike Figure 24, in which two inversion events could be determined, Figure 25 
reveals these species have undergone several terminal inversions.  This is demonstrated 
in Figure 25 (left) by the presence of several groups of inverted genes, with groups of 
non-inverted genes between them.  The occurrence of more than two inversions explains 
the existence of inverted groups of genes flanking non-inverted groups of genes.  By 
resolving the inverted genes, the core genome was represented in the location before the 
inversion events occurred.  This determined that core genes were in the same gene 
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Figure 24: Example of one terminal inversion (left) and its resolution (right) 
Figure 25:  Example of several terminal inversions (left) and their resolution (right). 
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order and relative location between two genomes.  It was later discovered, with the 
implementation of RINC, that seven inversions have occurred between these two species, 
as described in Chapter 5.   
While the resolved inversion comparison approach was successful at finding the 
location of the core genome before inversion events, it lacked the ability in all cases to 
determine the number of inversions that occurred.  As described above, by analyzing 
Figure 25, while it is not immediately obvious that seven inversions have occurred, it is 
clear that more than two have taken place.  This represents a weakness in this approach 




The circular chromosome comparison allowed visualization of the core genome 
between two species in its natural circular state.  The comparison of core genome 
location allowed for the identification of both the number and percentage of core genes 
that were inverted between two species, as demonstrated in Figures 22 and 23.  The lack 
of inverted genes between groups of species such as the B. subtilis and B. cereus groups 
revealed that genomes within these groups have not undergone inversions, and are close 
relatives to one another.   
The resolved inversion comparisons revealed the location of the core genome before 
the inversion events took place.  All species that were not outgroups had inverted genes 
that were successfully resolved using this analysis.  However, lacking from this approach  
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was the ability to define the number of inversion events that have occurred between some 
species.  This inspired the development of RINC, described in Chapter 5, which has the 
capability to determine the number of inversions that have occurred between two species.  
Both the circular chromosomal comparison and resolved inversion comparisons of 
the core genome in Bacillus visualized the inversions that have occurred in these species.  
One major conclusion from this portion of the study was the observation that even if 
inverted, the core gene order stayed the same.  Closely related species shared the most 
neighboring core genes, as demonstrated in Figure 9.  In Figure 10, this is validated, as 
core genes remain in the same order after an inversion event, as seen in Figures 15 and 
16. Consequently, more distantly related species shared the least neighboring core genes,
as demonstrated in Figure 11.  If inversion events have occurred, neighboring genes stay 
neighbors, except for the genes on the break point of the inversions.  Genes on the edge 
of an inversion would only share one neighbor within the inversion.  This observation 
also inspired the development of a novel approach, RINC, described in Chapter 5.  RINC 
is a scoring algorithm used to determine the neighboring core genes within the core 
genome, which can be used to determine the phylogeny of the Bacillus core genome, as 
well as calculate the number of inversions that have occurred between two species.  
 CHAPTER 5 
RINC 
Introduction 
Chapters 2, 3, and 4 have described the identification, statistical significance, and 
number of genes present in inversions within the core genome of thirteen Bacillus 
species.  The resolved inversion comparisons described in Chapter 4 demonstrated that, 
when resolved, inverted genes were located in their genomic location before the inversion 
events.  However, the resolved inversion comparison was not able to identify the number 
of inversions that had occurred between some species.  It was hypothesized that the 
number of inversions that have occurred between two species would be proportional to 
the evolutionary distance between species.  Therefore, the remaining aspect of the 
inversion study was to trace the evolutionary history of these inversions within Bacillus.  
In order to do this the novel RINC technique was developed.  The goal of this approach 
was to score each gene based on its neighboring genes, in order to determine how many 
inversion events had occurred between two species of interest.  
In species that have undergone a large chromosomal inversion, as displayed in 
Figure 12 and described in Chapter 4, genes are moved in large groups, but remain in the 
same order.  This is in contrast to single genes that independently moved between two 
genomes as the result of horizontal gene transfer or a transposable element.  Thus, the 
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neighbor genes of a particular gene of interest will remain the same, regardless of an 
inversion event.  However, if this same gene is adjacent to the break point of an 
inversion, it will no longer share the same neighbors on both sides.  This gene would 
share one neighboring inverted gene and one neighboring non-inverted gene.  This 
premise was used to compare each core gene to its neighboring genes in other species 
using the scoring system described below.  Pairwise comparisons of every genome were 
made to generate a distance matrix among the species of interest.  This distance matrix 
also represented the number of inversions that have occurred between species.  This 
distance matrix was then used to generate a neighbor-joining tree representing the 
phylogeny of Bacillus.   
Methods 
The RINC method was implemented in Perl script that utilized the genomic 
location of core genomes, as well as the output of the circular chromosomal comparison 
that was described in Chapter 4, which identified all inverted genes between all species.  
At its fundamental, RINC is a scoring algorithm for core genes located between two 
species.  By walking the core genome genes, RINC scores each core gene, based on its 
neighboring genes, and then summarizes the score between the two genomes.  The RINC 
scoring system is visualized in Figure 26. 
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the scoring algorithm described in Figure 26.  This continued for the rest of the core 
genes in the core genome, and then scores of all core genes between two species were 
summarized.  Figure 26 shows the RINC scoring mechanism used to create the distance 
matrix comparing the core genome neighbors of all of the species of interest.  If a gene of 
interest in genome A shared the same neighbors in genome B, it was given a score of zero 
(Figure 26, scenario 1A).  This was true regardless of the order of the genes in genome B 
compared to genome A (Figure 26, scenario 1B).  If one neighboring gene on either side 
of the gene of interest in genome B, was the same as a neighboring gene in genome A, a 
score of one was assigned  (Figure 26, scenario 2).  Genes with a score of one are 
considered inversion break points, as they share one inverted neighbor and one non- 
inverted neighbor.  Lastly, if both neighbors in genome B were different from those in 
genome A, a score of two was assigned (Figure 26, scenario 3). 
 Genes with a score of two were presumably not involved in an inversion.  
Therefore, these genes have moved independently of their neighboring genes.  The 
independent movement of these genes could be caused by horizontal gene transfer or 
transposable elements.  Due to this fact, all core genes with a score of two were removed 
from pairwise comparisons; RINC was then rerun without these genes to calculate the 
distance matrix. 
A potential inversion will have a score of one at each break point, resulting in a 
score of two for each inversion.  Therefore, the summation values between all genomes 
were divided by two, representing the number of inversion events between two genomes. 
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The distance matrix created from the RINC analysis was then utilized to generate 
a phylogenetic tree.  The phylogenetic tree drawing software TreeDyn was used to 
generate a neighbor-joining tree representing the distance matrix developed by RINC 
(Chevenet, Brun, Banuls, Jacq, & Chisten, 2006; Dereeper, Audic, & Claverie, 2010; 
Dereeper et al., 2008).  
Results and Discussion 
Inversions between members of this genus were initially identified in Chapter 2 
utilizing the BSR approach.  In Chapter, 3 the inversions present between several 
members of these species were calculated as being statistically significant.  Chapter 4 
identified the inverted genes.  Chapter 4, with the resolved inversion comparison, 
revealed the core genome location before the inversion events.  However, the resolved 
inversion comparison failed to identify the number of inversions that had occurred 
between some species.  These results inspired the development of RINC.  
RINC Distance 
Figure 27 displays the distance matrix created from RINC when pairwise 
comparisons were made between all species.  This distance matrix also represents the 
number of inversions that have occurred between the species of this study.  If zero 
inversions had occurred between two genomes, they were highlighted in dark red.  If one 





Figure 27: RINC distance matrix. 
Number of Inversion 
Events between Species 
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shade of red.  If three to nine inversions had occurred between two genomes, they were 
highlighted in the lightest shade of green, while ten to fifteen inversions were highlighted 
in the intermediate shade of green.  Lastly, if more than fifteen inversions had 
occurred.between two genomes, they were highlighted in dark green.  
Several conclusions can be drawn from the distance matrix generated from the 
RINC analysis displayed in Figure 27.  First is the definition of the B. subtilis group of 
species.  This group thus far in Chapters 2, 3, and 4 has included its namesake, B. 
pumilus, B. licheniformis, and B. amyloliquifaciens, and Table 8 confirms that no 
inversion events have occurred between these genomes.  
In Chapter 2, it was hypothesized that B. cytotoxis and B. weihenstephanensis had 
each undergone one inversion relative to the other members of the B. cereus group.  
However, this was proven incorrect with the implementation of RINC, as no inversions 
have occurred within this group of species.  In Chapter 3, in agreement with the RINC 
analysis, B. cytotoxis was included as a member of the B. cereus group.  In Chapter 4, the 
number of inverted genes between B. cytotoxis and the rest of the B. cereus group was 
determined to be one.  The RINC analysis determined that this inverted gene was the 
results of one gene moving independently, and not as the result of an inversion event.   
The movement of this inverted gene is explained by the occurrence of horizontal gene 
transfer, or the occurrence of a transposable element.  Due to this data, B. cytotoxis 
should be considered part of the B. cereus group of genomes.  
The RINC analysis of the B. cereus group also demonstrated the distance of this 
group from all the other species not considered outgroups in this study.  Twelve inversion 
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events have occurred between the B. cereus group and the two B. megaterium species.  
Ten to fifteen inversion events have occurred between the B. cereus group and the B. 
subtilis group.  This discovery disagrees with the one inversion hypothesized between 
these two groups in the BSR analysis in Chapter 2.  However, the RINC results are 
confirmed by the MUMmer results described in Figures 13 and 14 in Chapter 3, as well 
as by the number and percentage of genes described in Figures 22 and 23 in Chapter 4, 
with the circular chromosomal comparison analysis.   
With these findings, B. cytotoxis should be considered a member of the B. cereus 
group as opposed to what was found by Kolstø, Tourasse, & Økstad (2009).  B. cytotoxis 
shares a similar and significant amount of MUMs when compared to the B. cereus group, 
as described in Chapter 3.  Similarly, in Chapter 4, only one gene was inverted between 
this group and the B. cereus group, which could have occurred because of horizontal gene 
transfer or a transposable element.  Therefore, while being the most distant relative of this 
group, B. cytotoxis should still be considered a member of the B. cereus group.   
According to the RINC analysisin relation to other genomes that were not 
considered outgroups, the B. cereus group is the most distantly related.  Again, in 
disagreement with Chapter 2, the B. cereus group, according to Table 8, has undergone 
between ten and fifteen inversion events with the B. subtilis group.  Similarly, the B. 
cereus group has undergone twelve inversion events with relation to the B. megaterium 
genomes.  Eleven inversion events have occurred since the divergence of the B. cereus 
group and B. halodurans.  Fourteen inversion events have occurred between the B. cereus 
group and B. clausii.  Twelve inversion events have occurred since the divergence of the  
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B. cereus group and two Geobacillus species.  Therefore, among the species that were not 
outgroups in this study, the B. cereus group is the most distantly related.   
The B. megaterium species demonstrated consistent results in the analyses 
performed in the previous chapters when compared to the RINC analysis.  No inversions 
were hypothesized to have occurred between these two species in Chapter 2, when 
analyzed with the BSR approach.  In Chapter 3, the amount of MUMs found on the 
forward diagonal between these species was considered statistically significant.  
Likewise, the number of MUMs found on the reverse diagonal representing the inverted 
syntenic regions between these species was considered statistically nonsignificant.  Zero 
inverted genes were found between these species in Chapter 4.  Therefore, the results 
between the B. megaterium species were consistent with the RINC results.  
In relationship to other genomes, Chapter 4 indicated that the largest number of 
inverted genes with relation to the B. megaterium genomes was the A. flavithermus 
genome.  The least number of inverted genes with relation to the B. megaterium genomes 
was the B. cereus group of genomes, as described in Chapter 4.  This demonstrates the 
lack of correlation between the number of inverted genes and the number of inversion 
events.  According to the RINC analysis, twelve inversions have occurred between the B. 
megaterium species and the B. subtilis group, but according to Chapter 3, fewer inverted 
genes have occurred between the B. megaterium genomes and the B. cereus group.  
The B. subtilis group demonstrated between two and seven inversion events when 
this group was compared to the B. megaterium species.  It was the B. pumilus genome  
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that demonstrated seven inversion events, while the remaining genomes demonstrated 
two inversion events when compared to the two B. megaterium species.  This fractures 
the relationship formed from analysis in Chapters 2, 3, and 4 between the B. subtilis 
group by making B. megaterium more closely related to the B. subtilis group than B. 
pumilus.   
The Geobacillus species and the B. megaterium species have undergone four 
inversions since their divergence.  This makes the B. megaterium species more closely 
related to all members of the B. cereus group, with the exception of B. pumilus, in which 
seven inversions have occurred, than to the Geobacillus genomes.  These findings make 
the B. megaterium species more closely related to the Geobacillus species and A. 
flavithermus than to all B. cereus species, with the exception of B. pumilus.   
Lastly, the B. megaterium species and the B. cereus group of genomes have 
undergone twelve inversion events.  Therefore, according to RINC, B. megaterium is 
more closely related to B. subtilis when compared to the B. cereus group, as less genomic 
rearrangements have occurred between these species.  
Interesting findings were demonstrated from the analysis of RINC between the B. 
subtilis group of genomes.  B. subtilis, B. amyloliquifaciens, and B. licheniformis, in 
congruence with the analyses from Chapters 2, 3, and 4, demonstrated no inversion 
events between these species.  However, contradictory to the results of Chapters 2, 3, and 
4, B. subtilis and B. amyloliquifaciens demonstrated an inversion event when analyzed by 
RINC.  Also contradictory to the results of Chapters 2, 3, and 4, B. pumilus has 
undergone five inversion events when compared to the other members of the B. subtilis  
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group, differentiating it from the rest of the B. subtilis group.  According to the RINC 
analysis, B. pumilus is still more closely related to the B. subtilis group than A. 
flavithermus, having undergone six inversion events, as well as the Geobacillus species 
and B. megaterium species, both having undergone seven inversion events.  B. clausii and 
B. halodurans are the next closest related genomes to B. pumilus, having undergone ten 
inversion events.  This makes the B. cereus group most distantly related to B. pumilus, as 
it has undergone ten inversion events.   
 Even though A. flavithermus had the largest amount of inverted genes relative to 
the B. subtilis group, as demonstrated in Figure 22, only two inversion events are shown 
to have occurred between this species and the B. subtilis group with the exception of the 
B. pumilus species.  In agreement with Figure 20, only two inversion events have 
occurred between A. flavithermus and G. kaustophilus.  A. flavithermus also 
demonstrated six inversion events with relation to the B. megaterium genome.  While A. 
flavithermus, based on the RINC analysis, demonstrated two inversion events when 
compared to G. kaustophilus yet five inversions when compared to G. 
thermodenitrificans, A. flavithermus also demonstrated ten inversion events with respect 
to the B. clausii genome and seven inversion events when compared to the B. halodurans 
genome.  A. flavithermus also demonstrated fifteen inversion events when related to the 
B. cereus group of genomes.   
Based on the findings of RINC, A. flavithermus should be considered part of the 
B. subtilis group, while B. pumilus should not be considered part of the B. subtilis group.  
Similarly, A. flavithermus is equally related to the B. subtilis group, with the exception of  
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the B. pumilus genome, as it is to the two B. megaterium genomes.  After the relationship 
between the above-mentioned genomes, A. flavithermus is most closely related to the two 
Geobacillus species, followed by B. clausii and B. halodurans.  A. flavithermus is most 
distantly related to the B. cereus group of species.  
Within outgroups, O. iheyensis had the least number of inversion events that 
occurred between this species and the rest of the genomes, having between twelve and 
nineteen inversion events.  Paenibacillus and L. monocytogenes demonstrated the 
greatest amounts of inversion events when compared to all other genomes.  Therefore, 
the RINC analysis, in concordance with the results from Chapters 2, 3, and 4, O. 
iheyensis, Paenibacillus, and L. monocytogenes were appropriate outgroups to use in this 
study.  
RINC Phylogeny 
The distance matrix in Figure 27 was used to construct the neighbor-joining tree 
demonstrated in Figure 28.  Figure 28 represents the phylogeny of the core genome of 
thirteen Bacillus species and related genomes from RINC analysis.  Branch distance is 
proportional to the number of inversion events between the genomes. 
As the distance matrix created by RINC in Table 8 (see Chapter 6) was used to 
generate the neighbor-joining tree in Figure 28, the previously described results from the 





Figure 28: Neighbor-Joining tree of Bacillus from RINC algorithm. 
 
 
The B. cereus group included the B. cytotoxis group, as previously described.  The 
B. cereus group was also the most divergent of the species, without consideration of 
outgroups.  B. halodurans was the next most divergent species, followed by B. clausii.  
There were no inversion events found between the two Geobacillus species and the two 
B. megaterium species.  The B. megaterium species were most closely related to the B. 
subtilis species, followed by the B. amyloliquifaciens species, and the B. licheniformis 
species.  The Geobacillus species were most closely related to the A. flavithermus 
genome.  The B. pumilus group was most closely related to A. flavithermus and the 
Geobacillus species, followed by the B. subtilis and B. megaterium groups.   
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The partitions of groups between species were compared to previous studies.  
Schmidt et al. agree on the branching pattern of Anoxybacillus flavithermus, Geobacillus 
kaustophilus, and Geobacillus thermodenitrificans (2011).  Chromosomal inversions 
around the terminus identified that B. pumilus, with relation to both Geobacillus species, 
was more closely related than the other B. subtilis species.  This is represented by the 
close branch length of these species in Figure 28. 
B. subtilis, B. amyloliquifaciens, and B. licheniformis share the same branching 
pattern in Figure 17 as Chun and Bae found (2000). However, this study found that B. 
pumilus was more closely related to the B. subtilis group, in congruence with the results 
from Chapters 2, 3, and 4.  This discrepancy is discussed in further detail in Chapter 8.  
B. cereus, B. weihenstephanensis, B. thuringiensis, B. anthracis and B. cytotoxis 
were all clustered on a single node.  This confirms the results of Han et al. WKDW³B.
cereus, B. thuringiensis, and B. anthracis isolates appear closely related to B. anthracis´
(2006).  However, the placement of B. cytotoxis within this group is novel and supported 
by the RINC algorithm, as well as the results from Chapter 3 and Chapter 4.  
Both B. megaterium species were located on a single node, as would be expected 
from two members of the same species.  The B. megaterium species were found to be 
closely related to the B. subtilis group of genomes, based on the RINC analysis.  The B. 
megaterium species were predicted to have undergone only one inversion in the BSR 
analysis, described in Chapter 2.  However, this was contradicted in the RINC analysis, 
as previously described.  When B. megaterium was compared to the B. cereus and B. 
subtilis group in Chapter 3, more MUMs were found on the forward diagonal with 
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respect to the B. cereus group than the B. subtilis group.  While this contradicts the 
findings of RINC and the results from Chapter 4, RINC explains the lack of synteny 
between these groups, by the occurrence of more inversion events.   
One study placed O. iheyensis as the closest relative to the A. flavithermus group, 
contradicting its outgroup position in this study (Schmidt, 2011).  In fact in Chapters 2, 3, 
and 4, as well as the in the current chapter, O. iheyensis demonstrated its position as an 
outgroup in this study.  However, O. iheyensis was determined to be the most related of 





 Chapters 2, 3, 4, and 5 evaluated the relatedness of members of Bacillus by 
utilizing the core genome between these species.  In Chapter 2, inversions were identified 
between members of this study and the predicted number of inversions was identified 
from BSR analysis.  Chapter 3 identified the number of syntenic regions or MUMs 
between all species.  The significance of MUMs on both the forward and reverse 
diagonals was identified.  MUMmer was used to confirm the genomic rearrangements 
identified with the BSR analysis, and provided evidence that 76.2% of the inverted 
regions were statistically significant.  Chapter 4 identified the number and percentages of 
genes that were inverted between genomes.  Chapter 4 also visualized the location of the 
core genome before and after inversion events occurred.   
These results inspired the development of RINC, a novel algorithm that scored the 
core genes according to their neighboring genes.  These results were summarized into a  
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data matrix that was used to create a neighbor-joining tree representing the inversion 
events that occurred within members of Bacillus.  Based on the successful results of this 
study, RINC should be considered when evaluating the phylogeny of other bacterial 
whole genome sequences.   
 
 CHAPTER 6 
BAYESIAN INFERENCE OF PHYLOGENY 
Introduction 
In the second approach to understanding the phylogeny of Bacillus, MrBayes and 
BUCKy were utilized to analyze the core genome of these species.  MrBayes is a program 
that utilizes Bayesian inference in phylogeny to generate posterior distributions of 
phylogenetic trees, depending on a model of evolution, through input of a multiple sequence 
alignment that has been trimmed and had all gaps removed (Ronquist & Huelsenbeck, 2003).  
The fundamental theory of MrBayes and other molecular evolution based programs is in the 
differences occurring between two sequences.  The more similar two sequences, the more 
closely related they are.  Likewise, sequences showing large differences between them are 
more distantly related.  As the study of molecular phylogeny has evolved, more sophisticated 
substitution models have been developed that incorporate a variety of parameters.  For 
example, transition substitutions are now known to occur more frequently than transversion 
substitutions (Huelsenbeck & Ronquist, 2005).  The knowledge of rate variation at the amino 
acid level has also increased, leading to more sophisticated algorithms.  Several models have 
been popular for evaluating molecular evolution including parsimony, distance, maximum 
likelihood, and the focus of this investigation, Bayesian methods.  
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Bayesian and maximum likelihood methods of phylogeny are unique to other methods 
in that they take advantage of all of the information contained in multiple alignments of 
sequences, excluding the gaps in the sequences which have been removed (Huelsenbeck & 
Ronquist, 2005).  Both of these models also rely on the probability of observing the data 
according the parameters of the model.  Inferences can then be made about the data based on 
the posterior probability distribution of the parameters (Huelsenbeck & Ronquist, 2005).  The 
difference between these models arises in the treatment and interpretation of these parameters.  
Bayesian methodology, unlike likelihood, takes all possible values of parameters and weights 
each of them based on its prior probability.  The advantage of this methodology is that 
inferences about the parameters do not depend on a particular value.  However, the 
disadvantage of the methodology is that it is difficult to specify a reasonable prior model for 
the parameters (Huelsenbeck & Ronquist, 2005).  Likewise, the interpretation of parameters 
between Bayesian and likelihood methods is also different.  Maximum likelihood methods do 
not treat any parameters as random, whereas Bayesian methods treat all parameters and data 
as random variables (Huelsenbeck & Ronquist, 2005).  
Three assumptions are made in Bayesian analysis that are also made in distance-based 
and maximum likelihood analyses (Huelsenbeck & Ronquist, 2005).  The first assumption is 
that there is a tree relating the data, albeit that tree is unknown.  Second, it is assumed that the 
branches connecting the data have a given length, although this is also unknown.  The third 
assumption in molecular evolution is determining a process that describes how the characters 
change the phylogeny.  Bayesian analysis estimates change between two species according to 
a Monte Carlo Markov Chain (MCMC) (Huelsenbeck & Ronquist, 2005).  For this study, 
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amino acid sequences were used, so a mixed amino acid model was used to sample the 
Markov chains.  The mixed amino acid model allowed for a variety of substitution ratios to be 
used based on the data inputted, and no bias was introduced by only defining one model.   
 MrBayes analyzes the sequence data using MCMC in three steps to calculate posterior 
probability of phylogenetic trees (Huelsenbeck & Ronquist, 2001).  First, a new state for the 
chain is proposed, in this case a new tree topology (Huelsenbeck & Ronquist, 2001).  Second, 
an acceptance probability using the likelihood of the data for the new tree topology is 
calculated.  Third, a random number between zero and one is drawn, and if less than the 
acceptance probability, the new state is accepted and the chain is updated (Huelsenbeck & 
Ronquist, 2001).  If rejected, the chain remains in its older state.  This means that 
theoretically, any new tree could be accepted if the acceptance probability value is low 
enough.  By repeating this thousands of²or, LQWKLVVWXG\¶VFDVH, ten million²times, the 
posterior probability of a tree topology can be calculated.   
The posterior probability of a tree is the probability that the tree is correct for a given 
set of data (Huelsenbeck & Ronquist, 2005).  For example, if a set of data was run for one 
million generations of MrBayes, and a tree with a posterior probability of 0.99 was calculated, 
this means that the Markov chain visited that specific tree 99% of the time, providing strong 
evidence for this tree.  
However, when individual genes undergo MrBayes analysis, many of DJHQH¶V trees 
do not match the same topology as the species tree.  This discordance between gene and 
species trees has been well documented (Degan & Rosenberg, 2006; Maddison, 1997; 
Nichols, 2001; Pamilo & Nei, 1998; Takahata, 1989 ).  There are several theories regarding  
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the discordance between gene trees and species trees including horizontal gene transfer, 
lineage sorting, and gene duplication and extinction (Degan & Rosenberg, 2006; Maddison, 
1997).  While under ideal conditions genes would separate equally during speciation, this is 
not always the case (Carstens & Knowles, 2007).  For example, if looking at two speciation 
events between three species, one speciation will occur before the other.  Therefore, genes 
that separated in the first speciation event may not be equally distributed in the second 
speciation.  Figure 29 demonstrates this hypothetical situation.  Figure 29 is representative of 
one node of a hypothetical tree.  The hypothetical gene represented by the pink square is 
evenly distributed between the resulting two species.  However, given the speciation of the 
genomes that contain the blue and green genes before the speciation event of interest, the blue 
gene is evenly distributed in the speciation event of interest, while the green gene is only 
distributed in one species, during the speciation event of interest. 
Figure 29: Demonstration of incomplete lineage sorting using hypothetical genes. 
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While incomplete lineage sorting plays a role in bacterial evolution, horizontal gene 
transfer is the most likely of these scenarios in bacteria (Boto, 2010).  Due to horizontal gene 
transfer, bacteria that share a common environment may be mosaics created by the rampant 
exchange of sequence domains from both rRNA and protein (Kurland, Canback, & Berg, 
2003).  However, it is clear that horizontal gene transfer has been shown to only occur rarely 
in eukaryotic genome evolution (Boto, 2010).  For this reason, plant species, which are 
thought to demonstrate a linear evolution, were used as a control in this study by developing a 
Eudicot core genome.  This was to ensure that the discrepancies between the Bacillus core 
genome and the Eudicot core genome were not just a matter of horizontal gene transfer.  
This study used a four-pronged approach to analyze not only the evolution of the 
Bacillus core genome, but also to analyze influences in MrBayes results when different 
parameters are changed. The first aspect studied involved the replication of MrBayes analyses 
using the same data: in this case, the ClustalW2 MSA of the core Bacillus genes.  Next, the 
usage of different MSAs of the same genes was analyzed with MrBayes.  This was done to 
determine if the MSA used on the data influenced the outcome of the MrBayes analysis.  
Third, the implementation of a concatenated Bacillus sequence was used and compared with 
the results from the analysis of individual genes.  Lastly, to act as a control the Eudicot core 
genome was determined and its results were compared to those of the Bacillus core genome in 
order to determine if the observations made during this study only applied to bacteria.  
  





 The Bacillus core genome was determined in the same method, and using the same 
species, as described in Chapter 2.  The Eudicot core genome was determined using the same 
methodology as the Bacillus core genome.  The Eudicot core genome was obtained from 
complete genomic sequences.  Complete published genome sequences were obtained from the 
Genome Portal of the Department of Energy Joint Genome Institute 
(http://phytozome.jgi.doe.gov/pz/portal.html) (Nordberg et al., 2014).  These included: 
Fragaria vesca (Shulaev et al., 2011), Glycine max (Schmutz et al., 2010), Mimulus guttatus 
(Hellsten et al., 2013), Arabidopsis lyrata (Hu et al., 2011), Arabidopsis thaliana (Lamesch et 
al., 2012), Cucumis sativus (Wóycicki et al., 2011), Linum usitatissimum (Wang et al., 2012), 
Malus domestica (Velasco et al., 2010), Medicago truncatula (Young et al., 2011), Populus 
trichocarpa (Tuskan et al., 2006), Phaseolus vulgaris (Schmutz et al., 2014), Ricinus 
communis (Chan et al., 2010), Solanum lycopersicum (Tomato Genome Consortium, 2012), 
Solanum tubersosum (Potato Genome Consortium, 2011), Vitis vinifera (Jaillon et al., 2007), 
and Citrulls lanatus (Alverson et al., 2010).  The Petunia axillaris genome was provided by 




 Each of the Bacillus core genes underwent a multiple sequence alignment using 
ClustalW2 (Larkin et al., 2007).  All sequences were trimmed and had their gaps removed  
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using TrimAl and were outputted as nexus format files for use as MrBayes input (Capella-
Gutiérrez, Silla-Martínez, & Gabaldón, 2009).  MrBayes was installed on the computer-
cluster at Argonne National Laboratory Mathematics and Computer Science Division, 
allowing for processing of individual genes on individual nodes.  
Three trials of MrBayes were conducted on each core gene, using the same ClustalW2 
alignments.  For each trial, ten million generations of MrBayes were conducted in two 
separate runs, each using four Markov Chains, with a mixed amino acid model, and a 25 
percent burn-in rate.  This analysis was interrupted every 500,000 generations, and the current 
tree topology for each gene was recorded.  This continued until ten million generations of 
MrBayes had been completed.  
For each trial, the twenty different tree topologies for each gene were compared to one 
another using Robinson-Foulds distance (Robinson & Foulds, 1981).  The last generation in 
which the tree topology changed was recorded and graphed.  The tree topologies of all genes 
after ten million generations of MrBayes were also compared to one another using Robinson-
Foulds distance.  The tree topologies of all genes after ten million generations of MrBayes, 
from all three trials, were also compared to one another using the Robinson-Foulds distance.  
Testing of Different Multiple Sequence Alignments 
Separate MSAs were done on every gene in both core genomes using ClustalW2 
(Larkin et al., 2007), MUSCLE (Edgar, 2004), and T-Coffee (Notredame, Higgins, & 
Heringa, 2000).  All sequences were trimmed and had their gaps removed using TrimAl and 
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outputted as nexus format files for use as MrBayes input (Capella-Gutiérrez, Silla-Martínez, 
& Gabaldón, 2009). 
MrBayes analysis was then separately conducted on the three MSAs for all core genes, 
in both core genomes. For each analysis, ten million generations of MrBayes were conducted 
in two separate runs, each using four Markov Chains, with a mixed amino acid model, and a 
25 percent burn-in rate.  MrBayes analysis was interrupted every 100,000 generations for 2.5 
million generations, and then every 500,000 generations until 10 million generations were 
completed.  The tree topology for each gene was recorded at every interval and compared to 
every other interval for that gene using Robinson-Foulds distance (Robinson & Foulds, 1981).  
The last generation the tree topology changed for each core gene was then graphed for both 
core genomes.  The tree topologies of all genes after ten million generations of MrBayes, 
from all three MSAs, were also compared to one another using the Robinson-Foulds distance, 
for both core genomes.  
Concatenated Sequence Analysis 
The ClustalW2 alignments for each Bacillus core gene, after having their gaps 
removed and their ends trimmed, were placed into a concatenated sequence.  Ten million 
generations of MrBayes were conducted on this sequence in two separate runs, each using 
four Markov Chains, with a mixed amino acid model, and a 25 percent burn-in rate.  This 
analysis was interrupted every 500,000 generations, and the current tree topology for each 
gene was recorded.  This continued until ten million generations of MrBayes had been 
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completed.  The twenty different tree topologies generated were compared to one another 
using Robinson-Foulds distance.  The tree topology after ten million generations was also 
compared to the final tree topologies from the testing of different MSAs for each core 
Bacillus gene using Robinson-Foulds distance. 
Results and Discussion 
MrBayes is a tool that has been used to estimate the phylogeny of DNA sequences 
from a broad range of species.  This study used a four-pronged approach to analyze the 
influence of different parameters on the outcome of MrBayes analysis, as well as the 
evolution of the Bacillus core genome. The first aspect studied involved the replication of 
MrBayes analyses using the same data, in this case, the ClustalW2 MSAs of the core Bacillus 
genes.  Next, the usage of different MSAs of the same genes was analyzed with MrBayes.  
This was done to determine if the MSA used on the data influenced the outcome of the 
MrBayes analysis.  Third, the implementation of a concatenated Bacillus sequence was used 
to compare with results from the analysis of individual genes.  Lastly, to act as a control the 
Eudicot core genome was determined and its results were compared to those of the Bacillus 
core genome in order to determine if the observations made during this study only applied to 
bacteria.  
One of the main user-set parameters of MrBayes is generation time.  The goal of 
MrBayes is to run enough generations that the posterior probability of the tree converges 
close to one (Ronquist & Huelsenbeck, 2003).  Different generation times have been used in 
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studies of Bacillus species (with different amounts of data) ranging from one million 
generations (Mayhew, Swanner, Martin, & Templeton, 2008), to 3,000,100 generations (Hall, 
Salipante, & Barlow, 2004), to 4,300,00 generations (Wang & Sun, 2009).  In plant species 
MrBayes generation times have ranged from one million generations (Sharkey, Gray, Pell, 
Breneman, & Topper, 2013), to 10 million generations (Mackinder et al., 2013), to 50 million 
generations (Dong, Xu, Cheng, Lin  & Zhou, 2013).  It is important to note that some of these 
studies used concatenated data, while others used only one gene, but the divergence of 
generation times still exists within phylogenetic studies from all species.  
For this study, ten million generations was chosen because it was both longer than 
most Bacillus studies, and in the median of plant phylogeny studies.  However, with an 
infinite number of generations, using the same data, the majority of trees are expected to 
converge (Ronquist & Huelsenbeck, 2003).  For this reason, this study focused on the changes 
in tree topology within the ten million generations of MrBayes.  Tree topology differences 
were calculated using Robinson-Foulds distance for each gene after 10 million generations of 
MrBayes analysis (Robinson & Foulds, 1981).  
The Robinson-Foulds distance is a way to measure the differences between two trees 
containing the same species.  Essentially the Robinson-Foulds distance measures the number 
of nodes that would need to be changed in one tree to make it identical to another tree.  
Therefore, a distance of zero would indicate identical trees.  The highest score possible is 
dependent upon the number of species in the tree, as the number of nodes is proportionate to 
two times the number of species, minus one.  For this analysis, using nineteen Bacillus 
species, the greatest distance possible between two trees is 37.  
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Core Genome 
The core genome of nineteen Bacillus and closely related genomes, referred to here as 
the Bacillus core genome, contained 374 genes.  The core genome of seventeen complete 
genomes related to Petunia axillaris, in what will be called the Eudicot core genome, 
contained 501 genes.  As previously described in Chapter 2, this is an expected number of 
core genes, given the diversity of the species used in this study.  
Clustal Analysis 
Three different MrBayes analyses were done on the same ClustalW2 alignments of the 
Bacillus core genes.  The use of interrupted running of MrBayes allowed the tree topology of 
each gene to be compared over the 10 million generations of MrBayes analysis, by calculating 
the Robinson-Foulds distances between these trees.  This analysis was done to determine if 
MrBayes would reach the same tree topology for each gene, in all three trials.  With the same 
alignment being used, it was hypothesized that all three trials of MrBayes would agree on the 
same tree topology for each gene.  Figure 30 represents the number of genes that last changed 
tree topology in the Bacillus core genome when aligned with ClustalW2 over ten million 
generations of MrBayes.  Table 2 demonstrates the last time the tree topology changed for 
each gene during the ten million generations of MrBayes for all three analyses.  Table 2 




Figure 30: Number of Bacillus core genes tree topology last changed during three different 


























Gennerations of MrBayes Analysis (in Millions) 
Last Movement of MrBayes Tree for three Clustal W2 
runs on the Bacillus Core Genome Run 1Run2Run3
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Table 2 
Comparison of Three MrBayes Analyses of Gene Tree Topology after Ten Million 





Number of Bacillus Genes for 
ClustalW2 Trials 
Percentage of Bacillus Genes for 
ClustalW2 Trials 
Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 
0.5 301 282 287 80.5% 75.4% 76.7% 
1.0 12 23 17 3.2% 6.1% 4.5% 
1.5 7 15 13 1.9% 4.0% 3.5% 
2.0 8 6 8 2.1% 1.6% 2.1% 
2.5 6 4 6 1.6% 1.1% 1.6% 
3.0 5 1 4 1.3% 0.3% 1.1% 
3.5 3 5 2 0.8% 1.3% 0.5% 
4.0 3 4 5 0.8% 1.1% 1.3% 
4.5 1 4 2 0.3% 1.1% 0.5% 
5.0 4 3 3 1.1% 0.8% 0.8% 
5.5 3 3 6 0.8% 0.8% 1.6% 
6.0 4 2 4 1.1% 0.5% 1.1% 
6.5 2 1 2 0.5% 0.3% 0.5% 
7.0 2 1 1 0.5% 0.3% 0.3% 
7.5 4 2 2 1.1% 0.5% 0.5% 
8.0 0 4 1 0.0% 1.1% 0.3% 
8.5 0 3 3 0.0% 0.8% 0.8% 
9.0 0 2 3 0.0% 0.5% 0.8% 
9.5 2 2 1 0.5% 0.5% 0.3% 
10.0 7 6 3 1.9% 1.6% 0.8% 
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The same ClustalW2 alignments for each gene of the Bacillus core genome underwent 
three different MrBayes analyses.  This was to determine if MrBayes, when given the same 
data, produces identical results.  Figure 30 represents the last generation in which a tree 
topology changed during MrBayes analysis for all three trials using ClustalW2.  The large 
proportion of resolved gene trees within the first half million generations of MrBayes is very 
evident in Figure 30.  In Run 1, 301 or 80.5% of the core gene trees were resolved in the first 
half million generations.  Run 2 had the fewest number of resolved core gene trees in the first 
half million generations with 282 or 75.4%.  Run 3 had slightly more resolved core gene trees 
in the first half million generations, when compared to Run 2, with 287 or 76.7%. After this 
first half million generations of MrBayes, no more than 6% of gene tree topologies are 
resolved in one interval for any run, for the remaining generations of MrBayes.   
These results indicate that the majority of Bacillus core genes, when aligned with 
ClustalW2, and analyzed with MrBayes, are resolved within the first half-million generations. 
However, after one million generations of MrBayes, there are very few gene trees that ever 
resolve.  One explanation for the lack of resolving gene topologies after ten million 
generations of MrBayes is that two tree topologies have almost equal probabilities.  
Therefore, because of the nature of MrBayes, to continue sampling for other tree topologies, 
the tree topology will alternate between these two topologies.  An alternate explanation is that 
one tree topology is accepted the majority of the time.  Again, due to the sampling nature of 
MrBayes, as well as the random number generated between zero and one to accept or reject 
the alternate topology, sometimes alternate trees will be accepted, although only for a few  
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generations.  Whichever generation the analysis stopped at could determine the topology of 
the tree.  
It was hypothesized that given the same input data, in this case Bacillus core genes 
that have been aligned with ClustalW2, MrBayes will produce identical results.  To test this 
hypothesis, the final gene trees after ten million generations of MrBayes, from each trial, were 
compared to each other using Robinson-Foulds distance.  Table 3 lists the results from this 
analysis.  
Table 3 
Robinson-Foulds analysis of Bacillus Core Gene Tree Topologies after Three Trials of 
MrBayes using the same ClustalW2 MSA 
Of the 374 Bacillus core genes, 354 or 94.7% of them resulted in the same tree 
topology, as they had a Robinson-Foulds distance of 0 in all three trials.  Of the 374 Bacillus 
core genes, 18 or 4.8% of them had a Robinson-Foulds distance of 1.  This indicates that of 37 
nodes that make up these trees, one of them is different when these trees were compared.  
After the three trials of MrBayes, one gene tree had a Robinson-Foulds distance of 2, 
indicating that two nodes differed between these trees.  Similarly, after the three trials of 
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MrBayes, one gene tree had a Robinson-Foulds distance of 3, indicating that three nodes 
differed between these trees.  
The hypothesis²that MrBayes, when given the same input data, would produce
identical results²was not correct.  While 94.7% of all gene tree topologies were identical,
5.3% of the gene trees had different topologies from different trials using the same input data.  
Again due to the sampling algorithm of MrBayes, described above, it is unlikely that 100% of 
all gene trees sampled will have the same tree topology with multiple trials of MrBayes.  
From these results, a hypothesis arose, questioning if the type of alignment used in 
MrBayes would make a difference in the outcome of tree topology.  For this reason 
alignments were done on the Bacillus core genes with MUSCLE and T-Coffee, and then tree 
topology was compared between the third ClustalW2 analysis.  
Testing of Different Multiple Sequence Alignments 
Bacillus Core Genome 
As described previously, the core Bacillus genes were aligned with ClustalW2, T-
Coffee, and MUSCLE, in order to determine if the MSA used, affected the results of 
MrBayes.  It was hypothesized that the type of MSA alignment used, should not affect the 
outcome of MrBayes.  Figure 31 reveals the last generation in which the tree topology 



















132 Figure 32 demonstrates the percentage of genes that last changed tree topology in the 
Bacillus core genome for each MSA over ten million generations of MrBayes.   
Figure 31, Figure 32, Table 4 and Table 5 correlate to the ten million generations of 
data from MrBayes in the Bacillus core genome.  Figures 31 and 32 show the number and 
percentage of genes that last changed tree topology for each MSA for each interval of 
MrBayes.  Table 5 summarizes the relative totals for each million generations using the data 
from Table 4.  
Figure 31, Figure 32, Table 4 and Table 5 summarize the results from the Bacillus 
core genome study of gene tree topology after MrBayes analysis.  After 100,000 generations 
62.6% of MUSCLE aligned genes, 64.7% of ClustalW2 aligned genes, and 68.2% of T-
Coffee aligned genes tree topology did not change for the rest of the analysis.  After 
1,000,000 generations 81.3% of ClustalW2 aligned genes, 81.6% of MUSCLE aligned genes, 
and 85.3% of T-Coffee aligned genes had arrived at the same tree topology that would be 
present at the end of the MrBayes analysis.  These findings agree with the ClustalW2 analysis, 
as the majority of core gene tree topologies are resolved within the first million generations of 
MrBayes analysis.   
After one million generations no more than 4.3% of any gene trees were resolved in a 
given interval.  The premise of MrBayes is to continue sampling for the given number of 
generations, in order to find the highest posterior probabilities.  With this in mind, it is 
hypothesized that while the majority of gene tree topologies never change after one million 
generations, the rest of the gene topologies have a probability of switching topologies in 





Figure 32:  Percentage of Bacillus core genes last changed during MrBayes from three 
different MSAs.  
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Comparison of Gene Tree Topology after Ten Million Generations of MrBayes for the 





Number of Bacillus Genes Percentage of Bacillus Genes 
Clustal
W2 MUSCLE T-Coffee 
Clustal
W2 MUSCLE T-Coffee 
0.1 242 234 255 64.70% 62.60% 68.20% 
0.2 35 21 24 9.40% 5.60% 6.40% 
0.3 2 16 12 0.50% 4.30% 3.20% 
0.4 8 5 8 2.10% 1.30% 2.10% 
0.5 5 10 5 1.30% 2.70% 1.30% 
0.6 3 3 6 0.80% 0.80% 1.60% 
0.7 2 7 4 0.50% 1.90% 1.10% 
0.8 3 2 2 0.80% 0.50% 0.50% 
0.9 2 6 1 0.50% 1.60% 0.30% 
1.0 2 1 2 0.50% 0.30% 0.50% 
1.1 2 2 4 0.53% 0.53% 1.07% 
1.2 3 4 3 0.80% 1.07% 0.80% 
1.3 2 4 1 0.53% 1.07% 0.27% 
1.4 3 1 1 0.80% 0.27% 0.27% 
1.5 4 4 1 1.07% 1.07% 0.27% 
1.6 1 2 0 0.27% 0.53% 0.00% 
1.7 2 2 3 0.53% 0.53% 0.80% 
1.8 1 2 1 0.27% 0.53% 0.27% 
1.9 2 0 1 0.53% 0.00% 0.27% 
2.0 2 1 2 0.53% 0.27% 0.53% 
2.1 0 0 0 0.00% 0.00% 0.00% 
2.2 0 4 2 0.00% 1.07% 0.53% 
2.3 2 1 0 0.53% 0.27% 0.00% 
2.4 1 0 0 0.27% 0.00% 0.00% 
2.5 3 0 4 0.80% 0.00% 1.07% 
3.0 4 0 3 1.07% 0.00% 0.80% 
3.5 2 2 4 0.53% 0.53% 1.07% 
4.0 5 3 3 1.34% 0.80% 0.80% 
4.5 2 2 3 0.53% 0.53% 0.80% 
5.0 3 5 2 0.80% 1.34% 0.53% 
(continued on following page) 
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5.5 6 2 1 1.60% 0.53% 0.27% 
6.0 4 4 0 1.07% 1.07% 0.00% 
6.5 2 1 2 0.53% 0.27% 0.53% 
7.0 1 5 3 0.27% 1.34% 0.80% 
7.5 2 2 1 0.53% 0.53% 0.27% 
8.0 1 3 1 0.27% 0.80% 0.27% 
8.5 3 4 0 0.80% 1.07% 0.00% 
9.0 3 1 1 0.80% 0.27% 0.27% 
9.5 1 3 3 0.27% 0.80% 0.80% 
10.0 3 6 5 0.80% 1.60% 1.34% 
Table 5 






Number of Bacillus Genes Percentage of Bacillus Genes 
Clustal
W2 MUSCLE T-Coffee 
Clustal
W2 MUSCLE T-Coffee 
1.0 304 305 319 81.30% 81.60% 85.30% 
2.0 22 22 17 5.88% 5.88% 4.55% 
3.0 10 5 9 2.67% 1.34% 2.41% 
4.0 7 5 7 1.87% 1.34% 1.87% 
5.0 5 7 5 1.34% 1.87% 1.34% 
6.0 10 6 1 2.67% 1.60% 0.27% 
7.0 3 6 5 0.80% 1.60% 1.34% 
8.0 3 5 2 0.80% 1.34% 0.53% 
9.0 6 5 1 1.60% 1.34% 0.27% 
10.0 4 9 8 1.07% 2.41% 2.14% 
10% of the time, the tree topology will change.  Therefore, given infinite amounts of 
generations, depending on the stoppage point of MrBayes, the tree topology will be different.  
This premise could also describe the 5.3% of genes that showed differences between the 
  
136 ClustalW2 trials of MrBayes.  Given that eighteen of these gene trees only had a 
Robinson-Foulds distance of one, if MrBayes had stopped at different generations, this 
number is likely to be different.  Even as the runs of MrBayes approach infinity, a tree with a 
posterior probability of 90% will still have an alternate tree topology 10% of the time.   
It was hypothesized that the type of MSA alignment used should not affect the outcome of 
MrBayes.  To test this, the tree topology after ten million generations of MrBayes for each 
core gene and each MSA was analyzed using Robinson-Foulds distance.  Table 6 presents the 
results from this analysis.    
As shown in Table 6, ClustalW2 and MUSCLE as well as MUSCLE and T-Coffee 
both had 167 or 44.7% of core gene trees agree on tree topology, having a Robinson-Foulds 
distance of zero.  ClustalW2 and T-Coffee had 202 or 54% of core gene trees agree on tree 
topology, having a Robinson-Foulds distance of zero.  Between ClustalW2 and MUSCLE, 
there were 39 or 10.4% of core gene trees that only disagreed on the placement of one node.  
Similarly, 13.1% of ClustalW2 and T-Coffee, and 14.4% of MUSCLE and T-Coffee 
disagreed on the placement of one node.  Between ClustalW2 and MUSCLE, there were 42 or 
11.2% of core gene trees that disagreed with each other on the location of two nodes.  
Similarly, 9.6% of ClustalW2 and T-Coffee, and 12.8% of MUSCLE and T-Coffee disagreed 
with each other on the location of two nodes.  Of the 167 to 202 core genes with a Robinson-
Foulds distance of zero, 133 or 35.6% of them had a distance of zero in all comparisons of 
MSA.   
As demonstrated in Table 6, smaller percentages of gene trees were found to have 
larger Robinson-Foulds distances.  The greatest Robinson-Foulds distance between two trees 
was 17 in comparisons of ClustalW2 and MUSCLE, and ClustalW2 and T-Coffee.  These two  
137 Table 6 
Robinson-Foulds analysis of Bacillus Core Gene Tree Topologies after Three Trials of 























0 167 202 167 44.7 54.0 44.7 
1 39 49 54 10.4 13.1 14.4 
2 42 36 48 11.2 9.6 12.8 
3 20 17 18 5.3 4.5 4.8 
4 28 17 32 7.5 4.5 8.6 
5 13 10 6 3.5 2.7 1.6 
6 16 12 4 4.3 3.2 1.1 
7 7 4 11 1.9 1.1 2.9 
8 18 10 10 4.8 2.7 2.7 
9 2 3 4 0.5 0.8 1.1 
10 5 4 3 1.3 1.1 0.8 
11 4 0 6 1.1 0.0 1.6 
12 4 1 4 1.1 0.3 1.1 
13 2 3 1 0.5 0.8 0.3 
14 1 0 1 0.3 0.0 0.3 
15 0 1 0 0.0 0.3 0.0 
16 1 0 1 0.3 0.0 0.3 
17 1 1 0 0.3 0.3 0.0 
18-37 0 0 0 0.0 0.0 0.0 
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comparisons were both referring to the same gene tree in which ClustalW2 had placed 17 of 
the 37 nodes in different locations when compared to MUSCLE and T-Coffee.   
It was hypothesized that the type of MSA alignment used should not affect the 
outcome of MrBayes, and this was proven incorrect. Only 44.7% to 54% of all gene trees 
agreed on tree topology after ten million generations of MrBayes using the Bacillus core 
genes.  Therefore, it is evident that the type of MSA used on the data greatly influences the 
outcome of MrBayes.   
 
Eudicot Core Genome 
 
Due to the fact that bacterial species are capable of undergoing a large amount of 
horizontal gene transfer, it was hypothesized that the lack of resolution of some gene trees, 
and the disagreement of tree topology after different MSAs, could be due to horizontal gene 
transfer.  However, it is clear that horizontal gene transfer is not a negligible force in 
modulating eukaryotic genome evolution (Boto, 2010).  For this reason, plant species, which 
are thought to demonstrate a linear evolution, were used as a control in this study by 
developing a Eudicot core genome.  This was to ensure that the discrepancies between the 
Bacillus core genome and the Eudicot core genome was not just a matter of horizontal gene 
transfer.   
The use of three different MSAs and interrupted running of MrBayes was also done 
for the Eudicot core genome, in order to determine if the quick resolution of tree topology was 
strictly a bacterial phenomenon.  It was also done to determine if different MSAs influenced 
139 the outcome of MrBayes analysis, as was demonstrated in the Bacillus core genome.  
Figure 33 reveals the last generation in which the tree topology changed in the Eudicot core 
genome for each gene and MSA.  Figure 34 demonstrates the percentage of genes that last 
changed tree topology in the Eudicot core genome for each MSA over ten million generations 
of MrBayes.  
Figure 33, Figure 34, Table 7 and Table 8 correlate to the ten million generations of 
data from MrBayes in the Eudicot core genome.  Table 7 specifically correlates to the ten 
million generations of data from MrBayes in the Eudicot core genome used to plot Figure 33 
and Figure 34.  Figures 33 and 34 represent the number and percentage of genes that last 
changed tree topology for each MSA for each interval of MrBayes.  Table 8 summarizes the 
relative totals for each million generations using the data from Table 7.  
Figure 33, Figure 34, Table 7 and Table 8 summarize the results from the Eudicot core 
genome study of tree topology.   After 100,000 generations, 49.8% of MUSCLE aligned 
genes, 59.7% of ClustalW2 aligned genes, and 60.2% of T-Coffee aligned genes tree topology 
did not change for the rest of the analysis.  After 1,000,000 generations, 81.8% of ClustalW2 
aligned genes, 75.4% of MUSCLE aligned genes, and 83.0% of T-Coffee aligned genes had 
arrived at the same tree topology that would be present at the end of the MrBayes analysis.  
Again, this leads to the same conclusion as the Bacillus core genome that the final percentage 
of genes is alternating between different topologies, and they are likely to never be resolved 
by running MrBayes for more generations.  Therefore, these results, in combination with the 
Bacillus core genome, demonstrate that the lack of resolution of gene trees in MrBayes is not 
due to horizontal gene transfer.  It also indicates that the lack of resolution of gene trees in 
MrBayes is not a problem only associated with the study of bacterial species.  
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Figure 33:  Number of Eudicot core genes last changed during MrBayes from three different 
MSAs. 
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Figure 34:  Percentage of Eudicot core genes last changed during MrBayes from three 
different MSAs. 
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Comparison of Gene Tree Topology after Ten Million Generations of MrBayes for the 





Number of Eudicot Genes Percentage of Eudicot Genes 
Clustal
W2 MUSCLE T-Coffee 
Clustal
W2 MUSCLE T-Coffee 
0.1 301 251 304 59.70% 49.80% 60.30% 
0.2 38 36 26 7.50% 7.10% 5.20% 
0.3 16 23 26 3.20% 4.60% 5.20% 
0.4 11 16 17 2.20% 3.20% 3.40% 
0.5 10 14 9 2.00% 2.80% 1.80% 
0.6 2 17 6 0.40% 3.40% 1.20% 
0.7 12 8 7 2.40% 1.60% 1.40% 
0.8 5 4 7 1.00% 0.80% 1.40% 
0.9 8 4 7 1.60% 0.80% 1.40% 
1.0 7 5 7 1.40% 1.00% 1.40% 
1.1 2 3 3 0.4% 0.6% 0.6% 
1.2 3 0 3 0.6% 0.0% 0.6% 
1.3 5 7 6 1.0% 1.4% 1.2% 
1.4 2 1 5 0.4% 0.2% 1.0% 
1.5 0 1 4 0.0% 0.2% 0.8% 
1.6 2 2 3 0.4% 0.4% 0.6% 
1.7 5 2 1 1.0% 0.4% 0.2% 
1.8 1 2 0 0.2% 0.4% 0.0% 
1.9 4 2 3 0.8% 0.4% 0.6% 
2.0 3 3 0 0.6% 0.6% 0.0% 
2.1 0 2 0 0.0% 0.4% 0.0% 
2.2 2 3 2 0.4% 0.6% 0.4% 
2.3 2 1 3 0.4% 0.2% 0.6% 
2.4 1 2 2 0.2% 0.4% 0.4% 
2.5 4 4 6 0.8% 0.8% 1.2% 
3.0 7 4 6 1.4% 0.8% 1.2% 
3.5 2 5 4 0.4% 1.0% 0.8% 
4.0 5 5 8 1.0% 1.0% 1.6% 
4.5 3 4 1 0.6% 0.8% 0.2% 
5.0 3 5 1 0.6% 1.0% 0.2% 
(continued on following page) 
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5.5 2 8 0 0.4% 1.6% 0.0% 
6.0 5 1 3 1.0% 0.2% 0.6% 
6.5 5 5 1 1.0% 1.0% 0.2% 
7.0 4 5 3 0.8% 1.0% 0.6% 
7.5 2 9 5 0.4% 1.8% 1.0% 
8.0 0 10 2 0.0% 2.0% 0.4% 
8.5 7 8 4 1.4% 1.6% 0.8% 
9.0 6 11 2 1.2% 2.2% 0.4% 
9.5 0 7 2 0.0% 1.4% 0.4% 












Number of Eudicot Genes Percentage of Eudicot Genes 
ClustalW2 MUSCLE T-Coffee ClustalW2 MUSCLE T-Coffee 
1.0 410 378 416 81.84% 75.45% 83.03% 
2.0 27 23 28 5.39% 4.59% 5.59% 
3.0 16 16 19 3.19% 3.19% 3.79% 
4.0 7 10 12 1.40% 2.00% 2.40% 
5.0 6 9 2 1.20% 1.80% 0.40% 
6.0 7 9 3 1.40% 1.80% 0.60% 
7.0 9 10 4 1.80% 2.00% 0.80% 
8.0 2 19 7 0.40% 3.79% 1.40% 
9.0 13 19 6 2.59% 3.79% 1.20% 
10.0 4 35 5 0.80% 6.99% 1.00% 
 
 
It was also hypothesized that the disagreement of tree topology after different MSAs 
could be due to horizontal gene transfer, and perhaps this is a problem that only occurs in 
144 bacteria. To test this, the tree topology after ten million generation of MrBayes for each 
Eudicot core gene and each MSA was analyzed using Robinson-Foulds distance.  Table 9 
presents the results from this analysis.  . 
As shown in Table 9, ClustalW2 and MUSCLE had 262 or 52.3% of the Eudicot core 
gene trees agree on tree topology, having a Robinson-Foulds distance of zero.  MUSCLE and 
T-Coffee had 312 or 62.3% of Eudicot core gene trees agree on tree topology, having a 
Robinson-Foulds distance of zero.  ClustalW2 and T-Coffee had 260 or 51.8% of Eudicot 
core gene trees agree on tree topology, having a Robinson-Foulds distance of zero.  Between 
ClustalW2 and MUSCLE, there were 95 or 18.9% of Eudicot core gene trees that only 
disagreed on the placement of one node.  Similarly, 16.4% of ClustalW2 and T-Coffee, and 
12.3% of MUSCLE and T-Coffee, disagreed on the placement of one node.  Between 
ClustalW2 and MUSCLE, there were 84 or 16.8% of core gene trees that disagreed with each 
other on the location of two nodes.  Similarly, 12.4% of ClustalW2 and T-Coffee, and 11.8% 
of MUSCLE and T-Coffee, disagreed with each other on the location of two nodes.  Of the 
260 to 312 core genes with a Robinson-Foulds distance of zero, 195 or 38.9% of them had a 
distance of zero in all comparisons of MSA.  
As demonstrated in Table 9, smaller percentages of gene trees were found to have 
larger Robinson-Foulds distances, as was found with the Bacillus core genome.  Similar to the 
Bacillus core genome, the greatest Robinson-Foulds distance between two trees was 17 in 
comparisons of ClustalW2 and MUSCLE, and ClustalW2 and T-Coffee.  These two 
comparisons were both referring to the same gene tree in which ClustalW2 had placed 17 of 
the 35 nodes in different locations when compared to MUSCLE and T-Coffee.  It is important 
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Robinson-Foulds analysis of the Eudicot Core Gene Tree Topologies after Three Trials of 























0 262 260 312 52.3 51.8 62.3 
1 95 82 62 18.9 16.4 12.3 
2 84 62 59 16.8 12.4 11.8 
3 23 34 22 4.5 6.8 4.3 
4 13 16 14 2.5 3.1 2.7 
5 2 24 12 0.4 4.8 2.4 
6 8 11 2 1.6 2.1 0.4 
7 0 2 0 0.0 0.4 0.0 
8 1 0 0 0.2 0.0 0.0 
9 0 7 4 0.0 1.4 0.8 
10 7 0 1 1.4 0.0 0.2 
11 0 0 2 0.0 0.0 0.4 
12 0 1 6 0.0 0.2 1.2 
13 2 1 2 0.4 0.2 0.4 
14 2 0 2 0.4 0.0 0.4 
15 0 1 0 0.0 0.2 0.0 
16 2 0 2 0.2 0.0 0.4 
17 1 1 0 0.2 0.2 0.0 
18-35 0 0 0 0.0 0.0 0.0 
  
146  
to note that with only eighteen species being used in the Eudicot study, as opposed to nineteen 
in the Bacillus study, the greatest possible Robinson-Foulds distance is 35.   
Again, the hypothesis²that the type of MSA alignment used should not affect the 
outcome of MrBayes²was proven incorrect.  Only 52.3% to 62.3% of all gene trees agreed 
on tree topology after ten million generations of MrBayes on the Eudicot core genes.  
Therefore, it is evident that the type of MSA used greatly influences the outcome of MrBayes.   
The outcome of the Eudicot core genome analysis using MrBayes was very similar to 
that of the Bacillus core genome.  Therefore, the lack of resolution of gene trees is not solely a 
problem of bacterial genes, and is not completely due to horizontal gene transfer.  In both core 
genomes, the usage of different MSAs impacted the results of MrBayes.  Therefore, this is not 
a problem of only bacterial genes, as it is also not completely due to horizontal gene transfer.  
Further analysis into this subject needs to be done to determine which MSA actually produces 
the most likely MrBayes output.   
 
Concatenated Sequence Analysis 
 
Many studies incorporate the use of concatenated sequences for MrBayes analysis, as 
opposed to single gene trees.  The theory behind this is that gene sequences are often so short 
that not enough informative sites can be sampled.  Therefore, by concatenating these 
sequences together, more informative sites can be used and can result in a more accurate tree 
(Ronquist & Huelsenbeck, 2003).   
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Figure 35: MrBayes tree produced after ten million generations using the concatenated 
sequences of the Bacillus core genes. 
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A concatenated sequence of all Bacillus core genes was also inputted into MrBayes 
and was run for ten million generations.   Figure 35 is the tree produced from the 
concatenated sequence of Bacillus core genes after ten million generations of MrBayes.  
Probability percentage statistics are noted above each node.  All but three branches had a 
probability of 100%.  The remaining three nodes all had probabilities of 53%.  
Several conclusions can be drawn from the tree produced by the concatenated 
sequence and MrBayes.  First, B. anthracis and B. thuringiensis are closely related to B. 
cereus, followed by B. weihenstephanensis.  B. cytotoxis is the closest relative to these 
species.  The two G. kaustophilus and G. thermodenitrificans are closely related to A. 
flavithermus. This group is also the closest relative of the B. cereus group, followed by both 
B. megaterium species.  B. pumilus is the next closest relative, followed by B. licheniformis, 
B. amyloliquifaciens, and B. subtilis.  B. clausii and B. halodurans are closely related to 
Paenibacillus, then the rest of the previous species mentioned.  O. iheyensis is the second 
most distant relative to all species, with L. monocytogenes being the most distant relative to 
all other species in the study.  The comparison of this tree to the tree produced from RINC 
will be described in detail in Chapter 8.  
To compare the difference in tree topology between the concatenated sequence and the 
three different MSAs, Robinson-Foulds distance was compared for each gene, and for each 
type of MSA.  Table 10 shows the differences in tree topology for each of these comparisons. 
The comparison of the different MSAs¶ gene tree topologies and the concatenated
sequence tree topology in Bacillus has important implications.  A large proportion of studies 
use concatenated sequences when using MrBayes.  The logic behind concatenated sequences 
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Table 10 
Robinson-Foulds analysis of the Bacillus Core Gene Tree Topologies from Different MSAs 













0 0 0 0 0.0 0.0 0.0
1 0 0 0 0.0 0.0 0.0
2 2 4 3 0.5 1.1 0.8
3 1 3 2 0.3 0.8 0.5
4 5 3 4 1.3 0.8 1.1
5 11 7 10 2.9 1.9 2.7
6 17 17 19 4.5 4.5 5.1
7 14 9 13 3.7 2.4 3.5
8 28 27 25 7.5 7.2 6.7
9 33 36 32 8.8 9.6 8.6
10 38 35 38 10.2 9.4 10.2
11 35 46 33 9.4 12.3 8.8
12 56 52 60 15.0 13.9 16.0
13 34 43 42 9.1 11.5 11.2
14 37 31 36 9.9 8.3 9.6
15 23 21 16 6.1 5.6 4.3
16 21 17 16 5.6 4.5 4.3
17 10 11 14 2.7 2.9 3.7
18 5 7 6 1.3 1.9 1.6
19 0 1 0 0.0 0.3 0.0
20 0 0 0 0.0 0.0 0.0
21 0 0 1 0.0 0.0 0.3




Number of Bacillus Gene Trees Percentage of Bacillus Gene Trees
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is that more informative sites will be utilized, resulting in a more informative tree.  However, 
as is demonstrated in Table 10, zero gene trees shared the same tree topology as the 
concatenated tree, regardless of MSA.  When comparisons were made between the three 
MSAs¶ gene trees, the majority of trees had Robinson-Foulds distances between zero and two. 
However, the opposite is true when the different MSA gene trees are compared to the 
concatenated tree. Zero gene trees have distances of zero or one with the concatenated tree.  
The number of MSA gene trees increases with distance, as opposed to decreases, as was 
demonstrated in the Bacillus and Eudicot comparisons.  The highest values of MSA gene trees 
occur at a Robinson-Foulds distance of twelve when compared to the concatenated tree. 
Fifteen percent of ClustalW2 gene trees, 13.9% of MUSCLE gene trees, and 16% of T-coffee 
gene trees would have to undergo twelve node rearrangements in order to have the same 
topology as the concatenated sequence.  This has demonstrated that the well-known problem 
of discordance between gene trees and species trees occurs within the Bacillus species.  
The concatenated sequence tree topology did not change after the initial 500,000 
generations.  With the large amount of data present in this sequence, MrBayes quickly 
resolved the tree topology.  However, even after ten million generations three interior nodes 
only had weak probability values of 53%.   
To argue against the use of further generations of MrBayes, Table 11 represents the 
chain swap information from MrBayes during the 9.5 to 10 million generations using the 
concatenated sequence of the Bacillus core genome.  
As described earlier, each MrBayes generation starts out by proposing a different tree 
topology, referred to as a chain.  Then, an acceptance probability is calculated using the  
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Table 11 
MrBayes Chain Swap Information for Generations 9.5 to 10 Million using the Concatenated 
Sequence of the Bacillus Core Genome 
likelihood of the data for the new tree topology.  After this, a random number between zero 
and one is drawn and if less than the acceptance probability, the new state is accepted and the 
chain is updated.  However, if rejected, the chain remains in its older state. Therefore, Table 
11 represents the occurrence of new chains (or topologies) being accepted or rejected during 
the last half million generations of MrBayes from the concatenated Bacillus sequence.  
Each MrBayes analysis involved two runs, which are listed separately in Table 11.  
For each run MrBayes used four Markov Chains numbered one through four in Table 11 for 
both runs of MrBayes.  The upper diagonal of each matrix represents the proportion of 
successful state, or topology exchanges between chains. The lower diagonal of each matrix 
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represents the number of attempted state exchanges between chains in the last half million 
generations.  
As is demonstrated on the upper diagonals of Table 11, with all values being zero, 
there was no success in either run to switch the topology of the trees.  In other words, the 
acceptance probability statistic was always higher than the random number drawn between 
zero and one.  The lower diagonal of Table 11 demonstrates that while tree topology changes 
were attempted in at least 82,604 of the 500,000 generations, none were successful in 
changing the tree topology.  
There is a chance that a random number will be drawn that is higher than the 
acceptance probability; however, it is likely to only stay on the chain for a short amount of 
time, as it will have a weak acceptance probability.  Due to these results, when using 
MrBayes, it can be argued that concatenated sequences do not need extended amounts of 
generations to reach a resolved tree topology.  
Conclusions 
When MrBayes analyzed the same ClustalW2 alignments in three separate trials, 
94.7% of all genes shared the same topology in all three trials.  The hypothesis that identical 
results would be observed was rejected.  However, of the gene tree differences that occurred 
Robinson-Foulds distances of only one two and three were observed.  Therefore, these genes 
only have a few nodes that disagree between them.  However, with the sampling method used 
153 
by MrBayes it is unlikely that more generations would resolve this issue, as these genes are 
likely switching back and forth between two equally probable trees.  
In both the Bacillus and Eudicot core genomes, greater than 75% of all genes never 
changed tree topology after one million generations.  Initial results of the Bacillus MrBayes 
tree topology study led to the incorrect hypothesis that the quick resolution of tree topology 
was a bacterial phenomenon.  With the addition of the Eudicot core genome tree topology 
study, it is evident that MrBayes quickly identifies the most likely tree topology for certain 
core genes regardless of bacterial or eukaryotic domains.  Therefore, extreme lengths of 
generation times within MrBayes is not needed, as genes not resolved within the first million 
generations are likely to alternate between different topologies indefinitely. The only purpose 
of extended generation times would be to reach a posterior probability closer to one, but this 
GRHVQ¶WDIIHFWWKHWUHHWRSRORJ\
The use of different MSAs yielded different tree topologies from MrBayes, something 
that was not expected to happen.  This was not a bacterial phenomenon, as it also occurred in 
the Eudicot genome.  Therefore, further analysis needs to be done to determine which MSAs 
produce the most accurate results with MrBayes. 
The behavior of the concatenated Bacillus sequence within MrBayes led to the 
argument that extended generation times are not needed when concatenated sequences are 
used.  It was also discovered that no gene tree topologies matched the tree topology of the 
concatenated sequence.  This is an important discovery, as many studies are done with 
concatenated gene trees.  Therefore, with 35% of all gene Bacillus trees, regardless of MSA, 
agreeing on a tree topology, yet no gene tree topologies agreeing with the concatenated tree 
154 topology, how can it be determined which is the more accurate method of utilizing 
MrBayes?  To answer this question the BUCKy approach was implemented and is discussed 
in Chapter 7.  
 CHAPTER 7 
BUCKY 
Introduction 
Chapter 6 demonstrated the discordance between gene trees and species trees in the 
Bacillus core genome.  None of the gene trees from MrBayes had the same topology as the 
concatenated sequence tree.  This is a well-known problem, as studies have shown that 
different genes from the same taxa can produce a variety of different tree topologies (Ané, 
2011). BUCKy was developed as a BCA to make sense of the variety of gene trees within a 
given taxa (Ané et al., 2007).  BUCKy was used to determine which phylogenetic clades were 
most represented from the MrBayes analysis of the core genes for each core genome.  
Unlike more widely known phylogenetic methods such as bootstrapping and posterior 
probability, BUCKy utilizes Concordance Factors (CFs) (Ané et al., 2007).  CFs are measured 
on the same scale as bootstrapping and posterior probability; however, the measurements 
mean different things (Ané, 2011).  Bootstrap values, posterior probability, and the standard 
error of concordance factors are all dependent on sampling error, which reflects the amount of 
data in the analysis.  Therefore, even with a small amount of data, bootstrap and posterior 
probabilities will increase to a value of one as generations approach infinity.  This is caused 
by the replication of identical data.  Consequently, standard deviations and confidence 
intervals will approach zero as generations approach infinity using identical data in each 
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generation.  However, genomic support, such as concordance factors, is expected to remain 
stable as more genes are sampled (Ané, 2011).  CF values measure two things: they measure 
genomic support while also providing a statistical value, since all CFs have a posterior 
probability of 1.0 (Ané et al., 2007).   
In continuation with the MrBayes study in Chapter 6, the Eudicot core genome was 
used in this study as a control.  In Chapter 6, it was demonstrated that the use of different 
MSAs yielded different tree topologies from MrBayes, something that was not expected to 
happen.  This was not a bacterial phenomenon, as it also occurred in the Eudicot genome.  
Similarly, the role of horizontal gene transfer occurring in bacterial species could not account 
for the amount of discordance between gene trees, as this was also found in the Eudicot core 
genome. The Eudicot core genome will act as a control again in this study to determine if 
there is any differentiation between how BUCKy handles data from two different domains of 





Core genomes were determined using the same species and methodology described in 
Chapters 2 and 7.  The MrBayes output files for each core gene were used as the input files 
for BUCKy (Ané et al., 2007).  In the first step of BUCKy analysis, mbsum, each MrBayes 
gene output file was analyzed and a posterior probability for every tree that MrBayes had 
found was calculated (Ané et al., 2007).  One million generations were conducted which 
resulted in an additional ten percent burn-in.  Second, the BUCKy program itself was 
implemented using the mbsum output files for each gene as input files.  BUCKy ran for one  
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million generations, using four Markov Chains.  The a priori distribution parameter for 
BUCKy can be set to any value between zero and infinity.  In order to test the difference 
between different a priori distributions, six different trials of BUCKy were conducted using a 
priori values of 0.1, 1, 10, 100, 1000, and infinity. Each trial resulted in a primary 
concordance tree.  The differences in tree topology between all concordance trees were 
measured using the Robinson-Foulds distance as described in Chapter 6 (Robinson & Foulds, 
1981).  This process was done separately for the Bacillus core genome and the Eudicot core 
genome.  
 
Results and Discussion 
 
 
Bacillus Core Genome 
 
 
BUCKy utilizes the output of MrBayes analysis to calculate Concordance Factors 
(CFs).  CFs express the proportion of gene trees that share a given node.  BUCKy was utilized 
to determine the phylogeny of the Bacillus core genome based on the output from the 
MrBayes analysis in Chapter 6 (Ané et al., 2007).  Figure 36 represents the concordance tree 
for the Bacillus core genome generated from analysis with BUCKy. Concordance factors of 
each node are represented above the branches. The 95% confidence interval for each 




















The significant user-defined parameter of BUCKy is the a priori distribution between 
zero and infinity (Ané et al., 2007).  This value implies prior knowledge about the relatedness 
of the sequences with a default value of 1.  A value of infinity implies that each gene tree will 
be treated independent of each other, and thus results in the proportion of gene trees that share 
a node (Ané, 2011).  However, finite values imply that some of the genes share a common 
history and in this way, BUCKy allows gene trees to influence each other.  A value of zero 
would imply complete vertical lineage for each gene, and no knowledge of incomplete lineage 
sorting, horizontal gene transfer, hybridization or other diverging events.   
 To avoid making assumptions about the data, different a priori distribution values 
were tested at .1, 1, 10, 100, 1,000, and infinity.  When this was done, all values tested gave 
the same tree topology for the Bacillus core genome as that in Figure 36, with Robinson-
Foulds distances of zero between all trees.  All values of a priori distribution were also tested 
for the MrBayes output from each MSA for the Bacillus core genome, from Chapter 6.  
Regardless of the MSA used, BUCKy found the same tree topology for the Bacillus core 
genome as demonstrated in Figure 36.  Therefore, for the Bacillus core genome, the same tree 
topology was found in all BUCKy trees regardless of multiple sequence alignment, or a priori 
distribution.   
In Chapter 6 it was demonstrated that the use of different MSAs yielded different tree 
topologies from MrBayes.  However, BUCKy has demonstrated that tree topology is not 
affected by the use of different MSAs.  Therefore, ClustalW2, MUSCLE, or T-Coffee can be 
used to align core genes for MrBayes analysis, and BUCKy will produce the same 
concordance tree topology.   
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As stated earlier, CFs represent the proportion of genes that share the same gene 
history, at each node. Relationships on the concordance tree all have posterior probabilities of 
1.0.  Figure 36 was calculated using a priori distribution of 1 and after one million 
generations of BUCKy analysis for the Bacillus core genome.  CFs of all finite a priori 
distribution values were within .05 from each other at various nodes for both core genomes.  
The infinite a priori distribution, while resulting in the same tree topology, gave smaller CFs 
at each node for both core genomes.  This would be expected, as the infinite a priori 
distribution treated each gene independent from all others.  
  Several conclusions can be reached from the concordance tree of the Bacillus core 
genome in Figure 36.  First, with a CF of .996 and a 95% confidence interval of .992-1.000, 
both species of B. megaterium share a common history among their core genome.  These 
results indicate with a 1.0 posterior probability that 99.6% of the genes in the sample share 
this gene history.  
 The sample-wide CF of .994 between B. cytotoxicus, B. weihenstephanensis, B. 
cereus, B. anthracis, and B. thuringensis provides strong evidence these species once shared a 
common ancestor.  There is also strong evidence for the speciation events that occurred within 
this clade.  B. cytotoxicus underwent genomic changes from the rest of the clade represented 
by 91% of the sampled genes.  With 74.3% of the sample, B. weihenstephanensis separated 
from the rest of the clade.  Lastly, 62.2% of the sampled genes support the difference between 
B. thuringensis and B. anthracis.  Of the sampled core genes, 87.9% support evidence that G. 




Similarly 97.9% of the sampled genes support the shared history of G. kaustophilus and G. 
thermodenitrificans.   
 Similarly, 94.3% of the core genome genes support the shared evolutionary history 
between B. pumilus, B. licheniformis, B. amyloliquifaciens, and B. subtilis.  Slightly more 
than forty percent (41.6%) of the sample supports the speciation of B. pumilus from the rest of 
this clade.  This is followed by B. licheniformis, with 90.2% sample-wide support that B. 
subtilis and B. amyloliquifaciens have a shared evolutionary history.  Eighty percent (80.3%) 
of the sampled core genes support the relationship between B. halodurans and B. clausii, 
separated from the outgroup Paenibacillus sp. with a CF of .422 for the sampled genome.   
 The relationship between both B. megaterium species and the B. cereus group is less 
supported, with a CF of .223.  This value represents that 78% of genes demonstrate different 
histories between these two groups.  However, none of the 78% of disagreeing gene histories 
share a common history greater than a CF of .198, the lower level of the 95% confidence 
interval.  In other words, while 78% of the genes disagree, they don't agree with each other 
more than 19.8% and therefore, the most dominant history between the B. megaterium and B. 
cereus group is represented on the concordance tree.   
Comparably, only 22.3% of sampled genes supported a common ancestor between the 
B. cereus and B. megaterium group and the A. flavithermus group.  Just over fourteen percent 
(14.4%) of the samples represented a common evolutionary history between the above groups 
and the B. subtilis group.  Thirty percent of the sampled genes support a shared gene history 
between the B. subtilis, and the B. cereus, A. flavithermus, and B. megaterium groups.  
Slightly more than thirty percent (31.5%) of the genes support the divergence of these groups  
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from the two outgroups O. iheyensis and L. monocytogenes.  The similarities and differences 
between this tree and the trees produced from Chapters 5 and 6 will be discussed in Chapter 8.   
It is important to note that unlike bootstrapping values, concordance factors are 
expected to remain stable as more genes are added to the sample (Ané, C. A., 2011).   
Therefore, the only way to get a higher CF at this node is to include more intermediate 
genomes between these two groups in the analysis.   
 
Eudicot Core Genome 
 
In continuation with its use in Chapter 6, the Eudicot core genome was used as a 
control in this study with BUCKy.  BUCKy was used to determine the core genome of the 
Eudicot core genome in the same way as was done with the Bacillus core genome. 
Figure 37 represents the concordance tree for the Eudicot core genome generated from 
the BUCKy analysis.  Concordance factors of each node are represented above the branches. 
The 95% confidence interval for each concordance factor at each node is represented below 
the branches.  
As was done with the Bacillus core genome, to avoid making assumptions about the 
data, different a priori distribution values were tested at .1, 1, 10, 100, 1,000, and infinity.  
When this was done, all values tested gave the same tree topology for the Eudicot core 
genome as that in Figure 37, with Robinson-Foulds distances of zero between all trees.  All 
values of a priori distribution were also tested for the MrBayes output from each MSA for the 
Eudicot core genome, from Chapter 6.  Regardless of the MSA used, BUCKy found the same  
  








tree topology for the Eudicot core genome, as demonstrated in Figure 37.  Therefore, for the 
Eudicot core genome, the same tree topology was found in all BUCKy trees regardless of 
multiple sequence alignment, or a priori distribution.   
In Chapter 6 it was demonstrated that the use of different MSAs yielded different tree 
topologies from MrBayes.  However, BUCKy has demonstrated that tree topology is not 
affected by the use of different MSAs in the Bacillus core genome or the Eudicot core 
genome.  Therefore, ClustalW2, MUSCLE, or T-Coffee can be used to align core genes for 
MrBayes analysis, and BUCKy will produce the same concordance tree topology in both 
plant and bacterial species.   
To test the effectiveness of BUCKy on plant genomes compared to those of bacterial 
genomes, a concordance tree, displayed in Figure 37, was constructed using the Eudicot core 
genome.  There was strong support between the two Eurosids II species A. lyrata and A. 
thaliana, with 95.7% from the sampled genome supporting this clade. There was also strong 
support within the Asterids species, as 79.4% of the samples supported the difference between 
S. lycopersicum and S. tuberosum.  Similarly, 69.4% of the sampled genes supported the 
relationship of P. axillaris to S. lycopersicum and S. tuberosum.  Also, 53.8% of the core 
genome supported the divergence of these species from M. guttatus.   
Two groups have high support within the Eurosids I genomes.  M. domestica and F. 
vesca have support, with 71.4% of sampled genes sequences representing this relationship.  
Nearly all (93.3%) of sampled genes support speciation between C. lanatus and C. sativus.   
Three genomes shared strong support within the Legumes.  G. max and P. vulgarism 
shared 77.4% sampled core gene support for their divergence.  Similarly, 78.9% of sampled  
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genes supported the divergence of M. truncatula from these two species.  Two Legume 
species showed divergence from all other species with 37.2% sampled core genome genes 
from the outgroup L. usitatissimum.   
Eurosids I shared a common ancestor with 15.1% of sampled genes from the Eurosids 
II species.  The Asterids were also placed within the Eurosids I, Eurosids II divergence with a 
support of 21.6% sampled and genomic support.  Legumes were predicted to be part of the 
Eurosids I grouping, but only G. max, P. vulgarism, and M. truncatula were placed in this 
group with a gene sampled support value of 13%.  Likewise, Legumes P. trichorpa, R. 
communes, and the outgroup L. usitatissimum were separated from the all other genomes with 
a sampled gene support value of 32.1%. 
All of these low values, while dominant in the history of the genomes represented, are 
due to the lack of whole genome species available within these groups.  Similar to the 
Bacillus core genome, these concordance values would increase not with the addition of 
genes, but rather the addition of whole genome sequences of more species.  However, even 
with the lack of sequenced genomes, differentiation between species within groups of plant 




 The discordance between the gene trees and species trees was demonstrated for the 
Bacillus core genome in Chapter 6.  Different MSAs resulted in different gene trees after 




that the observed discordance was not a result of only horizontal gene transfer but did not 
offer a clear insight into the evolution of either core genomes.   
 BUCKy offers a solution to the discordance between gene trees and species trees.  
BUCKy takes the large amount of data generated by MrBayes for each gene and summarizes 
this information by measuring CFs, the proportion of genes that share a node.  The setting of 
the a priori distribution can allow for previous information about the species of interest to 
influence BUCKy results.  However in both the Bacillus and Eudicot core genomes, the CFs 
were only changed by a maximum of .05 with the use of six different a priori distribution 
values. It is also relevant to note that the tree topology of both core genomes never changed 
with different values of a priori distribution.  Therefore, it is argued that the a priori 
distribution values have little influence on the calculation of CFs.   
 The MSAs from MUSCLE, T-Coffee, and ClustalW2 gave different results when used 
with MrBayes.  However, the MSA had no effect on either the tree topology or the CFs 
calculated when this data was analyzed using BUCKy.  Therefore, caution about the MSA 
should be used when only analyzing genes with MrBayes.  However, this will not impact the 
results when MrBayes and BUCKy are used together to analyze phylogeny.   
  
 CHAPTER 8 
CONCLUSIONS 
Two different approaches to core genome phylogeny were used in this study.  The first 
approach, detailed in Chapters 2 through 5, utilized two previously identified methods, BSR 
and MUMmer, and one novel algorithm, RINC.  BSR and MUMmer identified and calculated 
the statistical significance of inversions present between members of Bacillus.  The RINC 
approach used the neighbors of the core genome of Bacillus to trace the phylogenetic history 
of inversions among the genus.  In the second approach, detailed in Chapters 6 and 7, three 
different MSAs of the core genes were analyzed with MrBayes and BUCKy.  This was done 
to determine which core genes shared the same evolutionary history.  
BSR, MUMmer, and RINC 
In Chapter 2, BSR analysis demonstrated that there were a large number of inversion 
events that occurred between the species in this study.  While a majority of species displayed 
several inversions when compared to other species, A. flavithermus displayed the most with 
respect to other genomes, as can be seen in Figure 4.  This finding supports the hypothesis of 
an ancestral inversion, as a more distantly related genome also shares inversion patterns with 
other genomes.  However, the fact that L. monocytogenes and Paenibacillus did not show 
  
168  
inversion patterns suggests that these inversions occurred after the divergence of these two 
outgroups from the common ancestor of the group of species.    
 In Chapter 3, MUMmer visually confirmed the results of the BSR analysis that were 
described in Chapter 2.  MUMmer demonstrated that the B. cereus group and the B. subtilis 
groups of species have diverged very recently with respect to the other members within each 
group.  With respect to the MUMs present on the forward diagonal, all species that were not 
considered outgroups had a significant number of MUMs between all genomic comparisons.  
Including outgroups, 89.2% of all genomic comparisons were considered statistically 
significant on the forward diagonal.  MUMmer also provided evidence that 76.2% of 
inversions, present on the reverse diagonal, were statistically significant.  BSR was done to 
identify inversions among species, MUMmer provided evidence they were statistically 
VLJQLILFDQWEXWDQRWKHUDSSURDFKZRXOGEHQHHGHGWR³WUDFH´WKHVHLQYHUVLRQV7KHVH
observations led to the development of circular chromosomal comparisons described in 
Chapter 4, and the novel algorithm RINC described in Chapter 5, to detect the amount of 
inversions that have occurred between these species.   
 The circular chromosome comparisons in Chapter 4 allowed visualization of the core 
genome between two species in its natural circular state.  The comparison of core genome 
location allowed for the identification of both the number and percentage of core genes that 
were inverted between two species, as demonstrated in Figure 18 and Figure 19.  The lack of 
inverted genes between groups of species such as the B. subtilis and B. cereus groups revealed 
that genomes within these groups have not undergone inversions.  Therefore, genomes within 
these groups are closely related to each other.   
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The resolved inversion comparisons revealed the location of the core genome before 
the inversion events took place.  All species that were not outgroups had inverted genes that 
were successfully resolved using this analysis.  One major conclusion from this portion of the 
study was the observation that even if inverted, the core genes¶ order stayed the same.  
Closely related species shared the most neighboring core genes, as demonstrated in Figure 4.  
In Figure 10, this is validated, as core genes remain in the same order after an inversion event, 
as seen in Figure 19.  Consequently, more distantly related species shared the least 
neighboring core genes, as demonstrated in Figure 11.  Thus, if inversion events have 
occurred, neighboring genes stay neighbors, except for the genes on the break point of the 
inversions.  These results led to the development of RINC, described in Chapter 5.   
 The previous results inspired the development of RINC, a novel algorithm that scored 
the core genes according to their neighboring genes.  Pairwise comparisons of every genome 
were made to generate a distance matrix among the species of interest.  This distance matrix 
also represented the number of inversions that have occurred between species.  This distance 
matrix was used to create a neighbor-joining tree representing phylogeny of the Bacillus 
genome, by determining the number of inversion events that have occurred between these 
species.  RINC demonstrated that the B. cereus group has undergone less chromosomal 
inversion than the B. subtilis group.  However, as demonstrated in Figure 27, the B. subtilis 
group is more closely related to all other species than the B. cereus group.  RINC is a simple 
yet powerful approach that determines the number of inversion events that have occurred 
between species.  Based on the successful results of this study, RINC should be considered 









When MrBayes analyzed the same ClustalW2 alignments in three separate trials, 
94.7% of all genes shared the same topology in all three trials.  The hypothesis that identical 
results would be observed was rejected.  In both the Bacillus and Eudicot core genomes, 
greater than 75% of all genes never changed tree topology after one million generations.  
With the addition of the Eudicot core genome tree topology study, it is evident that MrBayes 
quickly identifies the most likely tree topology for certain core genes regardless of bacterial or 
eukaryotic domains.  Therefore, extreme lengths of generation times within MrBayes is not 
needed, as genes not resolved within the first million generations are likely to alternate 
between different topologies indefinitely. 
The use of different MSAs yielded different tree topologies from MrBayes, something 
that was not expected to happen.  This was not a bacterial phenomenon, as it also occurred in 
the Eudicot genome.  The behavior of the concatenated Bacillus sequence within MrBayes led 
to the argument that extended generation times are not needed when concatenated sequences 
are used.  It was also discovered that no gene tree topologies matched the tree topology of the 
concatenated sequence.  To address the discordance of gene and species trees the BUCKy 
approach was implemented and was discussed in Chapter 7.   
BUCKy offers a solution to the discordance between gene trees and species trees 
described in Chapter 6.  BUCKy takes the large amount of data generated by MrBayes for 
each gene and summarizes this information by measuring CFs, the proportion of genes that 
share a node.  The setting of the a priori distribution can allow for previous information about  
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the species of interest to influence BUCKy results.  However, in both the Bacillus and Eudicot 
core genomes, the CFs were only changed by a maximum of 0.05 with the use of six different 
a priori distribution values. It is also relevant to note that the tree topology of both core 
genomes never changed with different values of a priori distribution.  Therefore, it is argued 
that the a priori distribution values have little influence on the calculation of CFs.   
 The MSAs from MUSCLE, T-Coffee, and ClustalW2 often gave different results 
when used with MrBayes.  However, the MSA had no effect on the either the tree topology or 
the CFs calculated when this data was analyzed using BUCKy.  Therefore, caution should be 
used when determining which MSA approach to use when analyzing gene trees using only 
MrBayes.  However, this did not impact the results when MrBayes and BUCKy are used 
together to analyze phylogeny. 
BUCKy was able to resolve interior nodes of both the Bacillus and Eudicot core 
genomes regardless of MSA and with a finite a priori distribution.  Exterior nodes of both 
core genomes can be resolved with the inclusion of more whole genome sequences from 
intermediate species.  
It can be argued that when determining phylogeny using core genomes, BUCKy is a 
more suitable option than a concatenated gene tree using MrBayes alone, based on the 
discussions in Chapters 6 and 7.  BUCKy offers both statistical and genomic support 





172 Comparison of Trees from Study 
 
 
 The concatenated tree discussed in Chapter 7 and the BUCKy tree had 11 different 
nodes when compared via the Robinson-Foulds distance, while only a distance of five was 
demonstrated from the Robinson-Foulds distance when compared to the RINC tree.  The 
lower-level nodes were all grouped together with the same species in all three trees.  
However, the higher nodes relating the groups of species within this genus has been proven to 
be the main problem in understanding the definition of this genus, as described in previous 
chapters.   
 Figures 38, 39, and 40 represent the trees describing the phylogeny of the Bacillus 
core genome from all aspects of this study using a color-coding scheme to show the 
relatedness of groups using these different methods.  Figure 38 represents the tree created 
from the RINC scoring algorithm, as described in Chapter 5.  Figure 39 represents the tree 
created from the concatenated analysis using MrBayes in Chapter 6.  Figure 40 represents the 
tree created from the BUCKy analysis of the individual core genes originally generated from 
MrBayes.  In Figures 38, 39, and 40 the B. megaterium genomes are highlighted in green.  In 
Figures 38, 39, and 40 the B. cereus group including its namesake, B. thuringiensis, B. 
anthracis, B. weihenstephanensis, and B. cytotoxicus are highlighted in blue.  In Figures 38, 
39, and 40 both Geobacillus species as well as A. flavithermus are highlighted in red.  In 
Figures 38, 39, and 40, B. clausii and B. halodurans are highlighted in teal.  In Figures 38, 39, 
and 40 the B. subtilis group including its namesake, B. amyloliquifaciens, B. licheniformis, 
and B. pumilus are highlighted in purple.  The outgroups of the study, O. iheyensis, L. 






Figure 38:  RINC tree of the Bacillus core genome from the RINC analysis with groups of 


























Figure 39:  MrBayes tree representing the phylogeny of the of the Bacillus core genome from 



















Figure 40:  BUCKy concordance tree representing the phylogeny of the Bacillus core genome 











The most basic problem that this study addresses is the relationship of the groups of 
Bacillus species related to each other. However, in all trees, the groups of related species 
remained consistent.  This demonstrated the relatedness of these genomes in relation to other 
members within the same group of species.  
For example, in the RINC analysis as well as in the concatenated MrBayes analysis, 
the B. megaterium species were most closely related to the B. subtilis group.  However, 
BUCKy found that the B. megaterium species were most closely related to the B. cereus 
group, and only distantly related to the B. subtilis group.   
 In the RINC analysis, the B. cereus group was most closely related to the B. subtilis 
group.  However in the concatenated MrBayes analysis, the B. megaterium group of species 
and the A. flavithermus group of species, which included the Geobacillus species, was more 
closely related.  Similarly in the BUCKy analysis, the B. subtilis group was most closely 
related to the A. flavithermus group, followed by the B. cereus and B. megaterium groups.   
 The A. flavithermus group including the Geobacillus species was recognized in all 
species.  However, in the RINC analysis this group was most closely related to the B. 
megaterium species, followed by the B. subtilis group.  In the concatenated MrBayes 
approach, the A. flavithermus group was also most closely related to the B. megaterium group, 
followed by the B. cereus group.  However, the A. flavithermus group was most closely 
related to the B. cereus group followed by the B. megaterium species in the BUCKy analysis.   
 B. halodurans and B. clausii were considered the most distant of relatives to all other 
non-outgroups in the RINC analysis.  In the concatenated MrBayes approach, these two 
species were most closely related to Paenibacillus, followed by all the other non-outgroup  
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members of Bacillus.  This was also observed in the BUCKy analysis, as Paenibacillus 
demonstrated it was a closer relative to the species of interest than the other two outgroups, O. 
iheyensis, and L. monocytogenes.  In all three trees Paenibacillus, O. iheyensis, and L. 
monocytogenes were confirmed as outgroups.   
 The RINC algorithm developed by this study offered a unique and novel approach into 
resolving the phylogenetic relationships between these species.  The scoring algorithm 
utilized by RINC provides insight into the genomic relationship of large chromosomal 
inversions which have occurred between these species and could be utilized to analyze a wide 
variety of other bacterial genomes.   
 The concatenated MrBayes approach, when paired with the gene tree approach, 
demonstrated the discordance between gene trees and species trees.  As described in Chapter 
7, the concatenated MrBayes tree between these species will not reach confidence values 
greater than what were already described in this approach, regardless of the generation time.   
In contrast, BUCKy appears to be a more suitable approach to determining core genome 
phylogeny with MrBayes.  BUCKy calculates both genomic and statistical support of core 
genomes that are present at each node, through use of CFs, and in this way makes sense of the 
discrepancies between gene and species tree from MrBayes.   
 The phylogeny of Bacillus has been disputed for over 100 years.  This study provided 
evidence using both known and novel techniques to try and explain the phylogeny of this 
genus.  While not all methods agreed on the phylogeny of Bacillus, several important 
discoveries were made.  The development of RINC provided insight into the inversion events 
that have occurred between members of this genus.  This approach can also be utilized for any  
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bacterial genomes that have any inversion events occurring between the species of interest.  In 
this way, RINC is capable of contributing to analysis of many bacterial whole genomic 
studies.   
 Similarly, the use of BUCKy was able to make sense of the discordance between gene 
trees and species trees within the analysis of Bacillus.  BUCKy also demonstrated that it was 
not dependent upon the use of MSAs, as was demonstrated with MrBayes.   Therefore, when 
analyzing a core genome of either plant or bacterial species, BUCKy analysis should be 
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189 Table 12 
Genes Present in the Core Genome of Bacillus 





1  chromosomal replication initiator protein DnaA 
2  DNA polymerase III, beta subunit 
3  DNA replication and repair protein RecF 
4  DNA gyrase, B subunit 
5  DNA gyrase, A subunit 
6  inosine-5'-monophosphate dehydrogenase 
13  glutamine amidotransferase subunit PdxT 
16  seryl-tRNA synthetase 
17  stage 0 sporulation protein YaaT 
51  methyltransferase 
53  conserved hypothetical protein 
55  methionyl-tRNA synthetase 
57  deoxyribonuclease, TatD family 
58  dimethyladenosine transferase 
60  Veg protein 
63  4-diphosphocytidyl-2C-methyl-D-erythritol kinase 
65  pur operon repressor 
66  UDP-N-acetylglucosamine pyrophosphorylase 
69  ribose-phosphate diphosphokinase 
70  peptidyl-tRNA hydrolase 
72  transcription-repair coupling factor 
74  small heat shock protein 
79  S1 RNA binding domain protein 
83  cell division protease FtsH 
91  pantothenate kinase 
92  chaperonin HslO 
93  cysteine synthase A 
94  dihydroneopterin aldolase 
98  lysyl-tRNA synthetase 
100  firmicute transcriptional repressor of class III stress genes (CtsR) 
protein 
 
(continued on following page) 
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Table 12 (continued) 
104  modulator of CtsR repression, McsB 
106  DNA repair protein RadA 
108  conserved hypothetical protein 
110  serine O-acetyltransferase 
114  cysteinyl-tRNA synthetase 
115  23S rRNA methyltransferase 
117  protein of unknown function (DUF901) 
118  RNA polymerase sigma-H factor 
119  transcription termination/antitermination factor NusG 
122  50S ribosomal protein L11 
123  50S ribosomal protein L1 
124  50S ribosomal protein L10 
125  50S ribosomal protein L7/L12 
126  DNA-directed RNA polymerase, beta' subunit 
129  30S ribosomal protein S12 
131  translation elongation factor G (EF-G) 
133  translation elongation factor Tu (EF-Tu) 
134  30S ribosomal protein S10 
137  50S ribosomal protein L3 
138  50S ribosomal protein L4 
139  50S ribosomal protein L23 
140  50S ribosomal protein L2 
141  30S ribosomal protein S19 
142  50S ribosomal protein L22 
143  30S ribosomal protein S3 
144  30S ribosomal protein S19 
146  50S ribosomal protein L29 
147  30S ribosomal protein S17 
148  50S ribosomal protein L14 
150  50S ribosomal protein L5 
151  30S ribosomal protein S14 
152  30S ribosomal protein S8 
153  50S ribosomal protein L6 
154  50S ribosomal protein L18 
155  30S ribosomal protein S5 
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Table 12 (continued) 
156  50S ribosomal protein L30 
157  50S ribosomal protein L15 
158  preprotein translocase, SecY subunit 
159  adenylate kinase 
161  translation initiation factor IF-1 
162  30S ribosomal protein S13 
163  30S ribosomal protein S11 
164  DNA-directed RNA polymerase, alpha subunit 
165  50S ribosomal protein L17 
170  50S ribosomal protein L13 
171  30S ribosomal protein S9 
195  conserved hypothetical protein 
197  phosphoglucosamine mutase 
198  glucosamine--fructose-6-phosphate aminotransferase, 
isomerizing 
228  endoribonuclease EndoA 
237  S1 RNA binding domain protein 
258  ribosomal-protein-alanine acetyltransferase 
259  metalloendopeptidase, putative, glycoprotease family protein 
260  putative ABC transporter, ATP-binding protein 
266  10 kDa chaperonin 
267  60 kDa chaperonin 
271  GMP synthase [glutamine-hydrolyzing] 
277  phosphoribosylaminoimidazole carboxylase, catalytic subunit 
278  phosphoribosylaminoimidazole carboxylase, ATPase subunit 
279  adenylosuccinate lyase 
281  phosphoribosylformylglycinamidine synthase, purS protein 
282  phosphoribosylformylglycinamidine synthase I 
283  phosphoribosylformylglycinamidine synthase II 
284  amidophosphoribosyltransferase 
285  phosphoribosylformylglycinamidine cyclo-ligase 
286  phosphoribosylglycinamide formyltransferase 
287  bifunctional purine biosynthesis protein PurH 
288  phosphoribosylamine--glycine ligase 
294  ATP-dependent DNA helicase PcrA 
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298  glutamyl-tRNA(Gln) and/or aspartyl-tRNA(Asn) amidotransferase, 
C subunit 
299  glutamyl-tRNA(Gln) and/or aspartyl-tRNA(Asn) amidotransferase, 
A subunit 
300  glutamyl-tRNA(Gln) and/or aspartyl-tRNA(Asn) amidotransferase, 
B subunit 
301  conserved hypothetical protein 
302  23S rRNA (uracil-5-)-methyltransferase RumA 
410  glutamate-1-semialdehyde-2,1-aminomutase 
416  Peroxide operon regulator 
440  iron-sulfur cluster binding protein, putative 
442  RNA methyltransferase, TrmH family, group 2 
532  glycerol-3-phosphate dehydrogenase 
590  ABC-type transporter, ATP-binding protein EcsA 
598  uroporphyrinogen decarboxylase 
677  N-acetyl-gamma-glutamyl-phosphate reductase 
678  arginine biosynthesis bifunctional protein ArgJ 
680  acetylornithine aminotransferase 
683  ornithine carbamoyltransferase 
695  3-oxoacyl-(acyl-carrier-protein) synthase 3 
696  3-oxoacyl-(acyl-carrier-protein) synthase II 
704  tryptophanyl-tRNA synthetase 
729  ATP-NAD kinase 
822  dihydropteroate synthase 
1249  transaminase 
1304  phosphotransferase system (PTS) enzyme I 
1330  tetrahydrodipicolinate N-acetyltransferase 
1331  N-acetyldiaminopimelate deacetylase 
1346  pyruvate dehydrogenase E1 component, alpha subunit 
1347  pyruvate dehydrogenase E1 component, beta subunit 
1348  pyruvate dehydrogenase complex E2 component, 
dihydrolipoamide acetyltransferase 
1349  pyruvate dehydrogenase complex E3 component, 
dihydrolipoamide dehydrogenase 
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1359  GTPase 
1367  protein of unknown function (DUF1507) 
1382  conserved hypothetical protein 
1383  pyrophosphatase YpjD 
1384  dihydrodipicolinate reductase 
1385  methylglyoxal synthase 
1392  aspartate 1-decarboxylase 
1400  endonuclease III 
1440  putative RNA methylase protein family (UPF0020) 
1910  copper-translocating P-type ATPase 
2103  tetrahydrofolate dehydrogenase/cyclohydrolase domain protein 
2460  acetate-CoA ligase 
2543  DNA topoisomerase IV, subunit A 
2544  DNA topoisomerase IV, subunit B 
2545  CoA binding domain family protein (YneT) 
2557  aconitate hydratase 1 
3992  6-phosphofructokinase 
4088  transketolase 
4092  LexA repressor 
4099  glutamine synthetase, type I 
4101  aluminium resistance protein 
4105  RNA chaperone Hfq 
4108  DNA mismatch repair protein MutS 
4117  phosphoesterase 
4118  conserved hypothetical protein 
4121  CDP-diacylglycerol--glycerol-3-phosphate 3-
phosphatidyltransferase 
4126  peptidase, M16 family protein 
4138  aspartate kinase 
4145  polynucleotide phosphorylase (PNPase) 
4146  30S ribosomal protein S15 
4149  ribosome-binding factor A 
4151  translation initiation factor IF-2 
4154  transcription termination factor NusA 
4155  conserved hypothetical protein 
4161  undecaprenyl pyrophosphate synthetase 
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4162  ribosome recycling factor 
4163  uridylate kinase 
4197  GTP-sensing transcriptional pleiotropic repressor CodY 
4198  heat shock protein HslVU, ATPase subunit HslU 
4199  ATP-dependent protease HslV 
4202  DNA topoisomerase I 
4207  ribosome biogenesis GTPase A 
4209  50S ribosomal protein L19 
4210  tRNA (guanine-N1)-methyltransferase 
4211  16S rRNA processing protein RimM 
4214  30S ribosomal protein S16 
4215  signal recognition particle protein 
4217  signal recognition particle-docking protein FtsY 
4219  ribonuclease III 
4220  acyl carrier protein 
4221  3-oxoacyl-(acyl-carrier-protein) reductase 
4222  malonyl CoA-acyl carrier protein transacylase 
4223  glycerol-3-phosphate acyltransferase PlsX 
4224  transcription factor FapR 
4225  ATP-dependent DNA helicase RecG 
4229  putative phosphatase 
4230  protein of unknown function (DUF322) 
4231  50S ribosomal protein L28 
4233  ribulose-phosphate 3-epimerase 
4234  ribosome small subunit-dependent GTPase A 
4241  primosomal protein N' 
4242  phosphopantothenoylcysteine 
decarboxylase/phosphopantothenate--cysteine ligase 
4244  guanylate kinase 
4247  fibronectin-binding protein 
4248  carbamoyl-phosphate synthase, large subunit 
4252  carbamoyl-phosphate synthase, small subunit 
4253  dihydroorotase 
4254  aspartate carbamoyltransferase 
4255  uracil permease 
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4256  uracil phosphoribosyl transferase/pyrimidine operon regulatory 
protein 
4257  cell division initiation protein DivIVA 
4262  cell division machinery factor 
4265  cell division protein FtsZ 
4272  cell division protein FtsA 
4273  phospho-N-acetylmuramoyl-pentapeptide- transferase 
4278  S-adenosyl-methyltransferase MraW 
4283  pantetheine-phosphate adenylyltransferase 
4299  putative methyltransferase 
4300  chemotaxis protein methyltransferase 
4326  heptaprenyl diphosphate synthase component II 
4328  menaquinone methyltransferase 
4329  non-specific DNA-binding protein HBsu 
4333  NAD-dependent glycerol-3-phosphate dehydrogenase 
4338  GTP-binding protein EngA 
4339  30S ribosomal protein S1 
4344  cytidylate kinase 
4346  two-component response regulator ResD 
4368  pseudouridine synthase 
4372  purine nucleoside phosphorylase 
4395  phosphopentomutase 
4396  tyrosine recombinase XerD 
4397  ferric uptake regulation protein 
4399  nudix hydrolase, YffH family 
4401  ribonuclease Z 
4416  2-oxoisovalerate dehydrogenase E1 component beta subunit 
4438  2-oxoisovalerate dehydrogenase E1 component alpha subunit 
4439  dihydrolipoamide dehydrogenase E3 component of branched-
chain alpha-keto acid dehydrogenase complex 
4440  arginine repressor 
4453  hemolysin A 
4454  acetyl-CoA carboxylase, biotin carboxylase 
4461  translation elongation factor P 
4472  proline dipeptidase 
4473  transcriptional regulator MntR (manganese transport regulator) 
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4479  superoxide dismutase [Mn] 
4516  conserved hypothetical protein 
4538  RNA polymerase sigma factor 
4542  GTP-binding protein Era 
4548  phosphate starvation-induced protein PhoH 
4553  GatB/YqeY domain protein 
4559  ribosomal protein L11 methyltransferase 
4563  ribosomal protein L11 methyltransferase 
4564  chaperone protein DnaJ 
4565  chaperone protein DnaK 
4567  heat-inducible transcription repressor HrcA 
4569  GTP-binding protein LepA 
4572  30S ribosomal protein S20 
4580  protein of unknown function (DUF143) 
4583  putative RNA-binding protein 
4585  GTP-binding protein 
4602  transcription elongation factor GreA 
4603  uridine kinase 
4609  putative Holliday junction resolvase 
4611  alanyl-tRNA synthetase 
4618  tRNA (5-methylaminomethyl-2-thiouridylate)-methyltransferase 
4619  cysteine desulfurase 
4620  transcriptional regulator of cysteine biosynthesis 
4626  aspartyl-tRNA synthetase 
4630  D-tyrosyl-tRNA(Tyr) deacylase 
4631  GTP pyrophosphokinase 
4632  adenine phosphoribosyltransferase 
4640  queuine tRNA-ribosyltransferase 
4641  S-adenosylmethionine:tRNA ribosyltransferase-isomerase 
4643  holliday junction DNA helicase RuvB 
4657  Spo0B-associated GTP binding protein Obg 
4659  50S ribosomal protein L27 
4661  50S ribosomal protein L21 
4665  septum site-determining protein MinD 
4669  rod shape-determining protein MreB 
4677  valyl-tRNA synthetase 
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4681  glutamate-1-semialdehyde-2,1-aminomutase 
4682  delta-aminolevulinic acid dehydratase 
4684  porphobilinogen deaminase 
4686  glutamyl-tRNA reductase 
4688  GTP-binding conserved hypothetical protein 
4691  ATP-dependent Clp protease, ATP-binding subunit ClpX 
4692  trigger factor 
4694  3-isopropylmalate dehydratase, small subunit 
4695  3-isopropylmalate dehydratase, large subunit 
4696  3-isopropylmalate dehydrogenase 
4697  2-isopropylmalate synthase 
4699  acetolactate synthase, small subunit 
4704  ribonuclease PH 
4728  excinuclease ABC, C subunit 
4737  DNA mismatch repair protein MutS 
4742  phenylalanyl-tRNA synthetase, beta subunit 
4743  phenylalanyl-tRNA synthetase, alpha subunit 
4750  50S ribosomal protein L20 
4751  50S ribosomal protein L35 
4753  threonyl-tRNA synthetase 
4763  formamidopyrimidine-DNA glycosylase 
4764  DNA polymerase I 
4766  two-component response regulator PhoP 
4769  isocitrate dehydrogenase, NADP-dependent 
4770  citrate synthase II 
4774  pyruvate kinase 
4775  acetyl-CoA carboxylase, carboxyl transferase, alpha subunit 
4776  acetyl-CoA carboxylase, carboxyl transferase, beta subunit 
4784  conserved hypothetical protein 
4786  conserved metallo-beta-lactamase domain protein 
4789  argininosuccinate lyase 
4790  argininosuccinate synthase 
4793  acetate kinase 
4795  thiol peroxidase 
4810  ribosomal protein S4 
4818  catabolite control protein A 
4843  RNA pseudouridylate synthase 
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4845  FAD dependent oxidoreductase 
4848  leucyl-tRNA synthetase 
4861  S-adenosylmethionine synthetase 
4937  glucose-6-phosphate isomerase 
4965  NADH dehydrogenase YumB 
4966  ferredoxin-NADP+ reductase 
4979  phosphatidylglycerophosphatase A 
4990  protein of unknown function (DUF72) 
4991  FeS assembly protein SufB 
4992  SUF system FeS assembly protein 
4994  FeS assembly protein SufD 
4995  FeS assembly ATPase SufC 
5004  conserved hypothetical protein 
5042  tmRNA-binding protein 
5043  ribonuclease R 
5046  enolase 
5047  2,3-bisphosphoglycerate-independent phosphoglycerate mutase 
5048  triosephosphate isomerase 
5049  phosphoglycerate kinase 
5050  glyceraldehyde-3-phosphate dehydrogenase, type I 
5051  central glycolytic genes regulator 
5058  conserved hypothetical protein 
5059  protein of unknown function (UPF0052) 
5060  ATP-binding protein 
5065  imidazole glycerol phosphate synthase, cyclase subunit 
5067  imidazole glycerol phosphate synthase, glutamine 
amidotransferase subunit 
5068  imidazoleglycerol-phosphate dehydratase 
5069  histidinol dehydrogenase 
5072  acetyltransferase 
5075  HPr(Ser) kinase/phosphatase 
5080  excinuclease ABC, A subunit 
5081  excinuclease ABC, B subunit 
5090  cell division ATP-binding protein FtsE 
5097  preprotein translocase, SecA subunit 
5099  sigma 54 modulation protein / S30EA ribosomal protein 
5123  protein of unknown function (DUF1949) 
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5140  cell shape determining protein 
5144  UDP-N-acetylglucosamine 1-carboxyvinyltransferase 
5147  ATP synthase F1, epsilon subunit 
5148  ATP synthase F1, beta subunit 
5149  ATP synthase F1, gamma subunit 
5150  ATP synthase F1, alpha subunit 
5153  ATP synthase F0, C subunit 
5159  uracil phosphoribosyltransferase 
5160  serine hydroxymethyltransferase 
5165  Sua5/YciO/YrdC/YwlC family protein 
5169  peptide chain release factor 1 
5173  UDP-N-acetylglucosamine 1-carboxyvinyltransferase 2 
5178  CTP synthase 
5189  arginyl-tRNA synthetase 
5198  metal dependent phosphohydrolase 
5203  protein of unknown function (UPF0447) 
5208  uracil-DNA glycosylase 
5250  conserved hypothetical protein 
5253  metallo-beta-lactamase family protein 
5257  two-component response regulator WalR 
5262  adenylosuccinate synthetase 
5263  replicative DNA helicase 
5264  50S ribosomal protein L9 
5265  conserved hypothetical protein 
5267  30S ribosomal protein S18 
5268  single-strand binding protein 
5269  30S ribosomal protein S6 
5270  GTP-binding protein EngD 
5275  stage 0 sporulation protein J 
5276  sporulation initiation inhibitor protein 
5277  nucleoid occlusion protein 
5278 methyltransferase (glucose inhibited division protein) GidB 
5279  tRNA uridine 5-carboxymethylaminomethyl modification enzyme 
GidA 


























201 BBH  Bidirectional Best Hit  
BSR  BLAST Score Ratio 
RINC  Resolved Inversion of Neighboring Core genes 
MUMmer Maximal Unique Subsequences 
BUCKy Bayesian Untangling of Concordance Knots  
BCA  Bayesian Concordance Approach 
MSA  Multiple Sequence Alignment 
 
 
